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PREFACE

The XIV International Conference on the Physics of Electronic and
Atomic Collisions was held on the campus of Stanford University
July 24 - 30, 1985, and was hosted by the Molecular Physics Depart-
ment of SRI International and the Department of Physics at Stanford
University. The conference was attended by about 740 scientists from
about 35 nations, indicating the strong worldwide interest and vitality
of this field. The 720 contributed papers presented at poster sessions
showed that the research activity is continuing at about the same level
as in the past few years. Eight satellite meetings devoted to more
intense discussions of individual topics were held in conjunction with
this conference.

This book contains the papers of the invited lectures given at the
conference, the program of invited lectures having been selected by the
program committee from suggestions by the general committee. N.F.
Ramsey gave the opening lecture, reviewing the history of molecular
beams, and plenary lectures by R. Gentry, G. Dunn, and U. Heinzmann
followed on successive days. The major fraction of the invited program
consisted of review talks and progress reports on topics of long standing
interest to the participants.

Symposia on topics of strong current interest included "Dynamics of
Photo- and Electron-Capture Dissociation, Energy Transfer Processes
Involving Polarized Atom Collisions, State Resolved Capture by Multi-
charged Ions, and Multiphoton Ionization". These topics reflect some
of the most intense current activity and interest of the conference
participants and provide an assessment of the status of these areas.
Finally, Hot Topic papers selected from the contributed papers to be
presented orally are also included here.

New techniques and applications also continue to be developed that
provide vitality and new directions to the field. For example, the
recent progress on the laser cooling of atoms and its possible applica-
tion to collision physics was described as well as progress in producing
beams of low energy positrons and polarized electrons.



vi Preface

The scope of the conference has broadened in a natural way as the field
has progressed, the problems of interest have changed, and the tools at
our disposal have improved. This evolution was particularly evident at
this conference from the increased attention being given to the role of
exit channel spectroscopy and decay processes in all types of collisions
whether they were excited with ions, electrons, or photons. It is
exemplified by the photo excitation processes in which it is possible to
prepare well-specified systems on which to conduct "half-collision"
experiments. Thus, the exit channels of many types of collision pro-
cesses, such as autoionization, dissociation, and detachment, are being
investigated on a detail previously unavailable. This research is possible
in part because photon sources such as synchrotrons and lasers have
become generally available and useful to many researchers. Thus,
ICPEAC is recognizing the close relationship of the collisions and
specroscony fields and the important interdependence of these areas of
research to each other. These developments provide new and exciting
avenues of investigation and lead to improved understanding of the
basic problems of atomic and molecular collisions.

The editors are grateful to the authors for their cooperative efforts in
completing the manuscripts in a timely manner to allow early publica-
tion of these papers. We are also indebted to Faye Knowles and
Gabriella Huff of the SRI Molecular Physics Department for their
painstaking work on correcting the final manuscripts.

A noteworthy original contribution to ICPEAC XIV was due to M.J.
Coggiola who composed appropriate lyrics to a number of folk-songs
that were sung on this occasion. Three of these songs are included in
this book at places appropriate to their topical significance.

D.C. LORENTS
W.E. MEYERHOF

J.R. PETERSON
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RUSH TO PUBLISH

By M. J. Coggiola Tune: Glory, Glory, Hallelujah

Mine eyes have seen the X-ray from the inner shell decay;
It is bouncing off the grating in a most peculiar way;
We can hardly stop to contemplate, just write to Phys Rev A:
Our grant is running out.

Hurry, hurry, rush to publish!
Hurry, hurry, rush to publish!
Hurry, hurry, rush to publish!
Our grant is running out.

We will overwhelm the editors with data nice and neat;
So who cares that these are measurments we never shall repeat.
Oh, what use is it to worry, it's a truly major feat!
Our grant is coming through.

Hurry, hurry, rush to publish!
Hurry, hurry, rush to publish!
Hurry, hurry, rush to publish!
Our grant is coming through.
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OSCILLATIONS IN THE HISTORY OF MOLECULAR BEAMS

Norman F. RAMSEY

Lyman Physics Laboratory, Harvard University, Cambridge, MA 02138

1. INTRODUCTION

The subject of molecular beams is now just 75 years old. The first publica-
tion on molecular beams was by Dunoyer (1) in 1911, but even in those early days
there must have been an interval of about a year from the beginning of a first
molecular beam experiment to its publication so work in the field must have be-
gun in 1910, just 75 years ago.

The earliest molecular beam experiments were primarily tests of kinetic
theory, followed by measurements of atomic and molecular collision cross sec-

tions. Since then the history of molecular beams has followed an oscillatory
path as newly invented techniques shifted and even excessively shifted the pri-
mary interest from one field to another. Studies of atomic collisions, for
example, at one time dominated the field but were later mostly abandoned in
favor of magnetic deflection experiments for the measurement of atomic and
nuclear magnetic moments. Subsequently the interest in scattering experiments
revived. The history of molecular beams since then has been oscillatory with
primary attention oscillating between collision experiments and spectroscopic
experiments up to the present time when a merger between the two kinds of ex-
periments seems to be taking place with many of the most interesting experiments
involving both collision techniques and laser spectroscopy to identify the

atomic states involved in a collision.

2. KINETIC THEORY

The original molecular beam experiment by Dunoyer (1) in 1911 used the
simple apparatus of Fig. 1, but it contained the characteristic features of
most subsequent atomic and molecular beam apparatus: a source (of Na atoms),
a region sufficiently well evacuated for the atoms to traverse the apparatus
without collision, a collimator and a detector region (in this case a cooled

surface on which visible amounts of Na atoms would deposit).
The objective of Dunoyer's original experiment was to confirm one of the

simplest predictions of kinetic theory: that atoms in a low pressure region
travel in straight lines.

In subsequent years a number of other kinetic theory experiments were carried
out -- with a peak of such activity during the period 1920-1930. Stern,
Eldridqe and others (2) did a number of experiments to measure the velocity
distributions of the molecules emerging from a source. Some of the earliest
experiments utilized an atomic beam apparatus that was rotated about an axis
perpendicular to the beam to measure the atoms velocity by the shift of the
beam deposit from the position of deposit when there was no rotation. Other
experiments used choppers and free fall under gravity. All of the experiments
provided good general confirmation of the Maxwell velocity distribution but the
experiments were not sensitive to the number at extremely low velocities such as
a few meters per second.

The angular distribution of molecules emerging from a source with thin de-
fining apertures were studied by Knudsen, Stern and others (2). They showed
that a cosine distribution law was followed such that the number dQ of molecules
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FIGURE I
Schematic diagram of Dunoyer's original
atomic beam apparatus (1).

moving per second into solid angle d,. from a source aperture of area AS was
given by

dQ d -

dQ (4- ) nv cos"

where., was the angle of the emerging atoms relative to a perpendicular to the
aperture.

Claussing and others (2) during this period studied the effect of source
channels whose thickness exceeded their width and showed that beams were con-
centrated more in the forward direction than expected from a cosine law.

3. EARLY SCATTERING EXPERIMENTS

One of the earliest applications of atomic and molecular beams was to study
scattering. Mean free paths, ,, of atoms passing through gases at suitable
pressures, p, were measured from the relation

Ip = 10 e

where Ip is the intensity transmitted at pressure p and is the length of the
scattering region.

Soon thereafter, molecular beam measurements of the angular distribution of
molecular scattering were carried out by Born, Estermann and others.

Also during the 1930's interactions of atomic beams with solid surfaces were
studied by Knauer, Estermann, Stern and others.
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4. OPTICAL SPECTROSCOPY WITH ATOMIC BEAMS

One of the principal sources of the width of spectral lines in early optical

spectroscopy was first order Doppler shift. Soon after the molecular beam
technique was invented it was realized that the high directivity of the beam

could greatly reduce the first order Doppler broadening by viewing the atoms
from the side, perpendicular to their line of motion. As a result, beginning
in 1913 atomic beam sources were used in optical soectro-copy by Dunoyer,
Jackson, Kuhn, Kopfermann and many others (2), but their use was limited by
their limited intensity of the beam technique.

S. MAGNETIC DEFLECTION EXPERIMENTS

A major revolution in atomic and molecular beam experiments was initiated
with the use of inh-,zogeneous magnetic fields to deflect the beams. In a
homogeneous magnetic field, an atom with a magnetic moment is not deflected
since the force on the north pole of the magnet is equal and opposite to that
on the south pole leading to no net force on the atom. On the other hand in
an inhomogenec-s magnetic field the force un the north pole is different from
that on the south pole and the atom is deflected in its passage through the
inhoFnqeneous maqnetic field. This technique was first used by Stern and
Gerloch (2) in their great experiment which ga e a clear demonstration of the
reality of space quanti.-ation and which also clearly demonstrated experimentally
that the spin angular momentum of the electron was 1/2 in units of ) 

= 
h/2 .

Adoitional experimpnts on the process of space quantization including the ef-
fects of changing ,iagnetic field directions were carried out by Stern, Frisch,
Estermann and others.

Although the deflections were largest with electron magnetic moments, Stern
soon realized that nuclear magnetic moments could be deflected in a similar
fashion even though the nuclear magnetic moments were approximately 2000 times
smaller than atomic or electron moments. Stern, Estermann and others during
the late 192's used this technique to measure the magnetic moments of the
proton and deuteron in the molecules H2 and D2. Since both ot these molecules
were I the electron spin magnetic ,:ioments were oppositely directed and

cancelled. A major difficulty of the experiment wps to distinquish between
the nuclear magnetic moments and the molecular rotational magnetic moments due
to the circulating electrical charges of the rotating molecule. These could be
distinguished, however, by separately sLudyinq para-hydrogen for which the
nuclear magnetic moments ca'.,elled and the deflection was due only to the ro-
tational Magnetic moments. With the value of the r-ational magnetic moment
inferred from the para-hydrogen experiments, the deflection experiments with a
normal mixture of ortho- and para-hydrogen could be analyzed for the contribu-
tion due to the ni,-lear magnetic moments alone. The accuracy of the experi-
ments in measuring th- proton and deuteron magnetic moments, however, was
severely limited both b/ the smallness of the deflection ind by the need to
adjust the direct observations for the contribution of the rotational magnetic
moments of the molecules. The result was exciting and surprisinq: the proton
inagnetic moment was not equal to one nuclear magneton lN/?Mc with M - proton
mass) but was considerably larger.

The interest and exc itement of the maqnetic deflection experiments necessari-
ly drew attention away from scattering experiments which started a decline in
the interest in scattering and interaction experiments which continued until
well after World War II.
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Although toe early experiwerts ot Stern, Gerloch, Frisof and othrrs (2) con-
Firmed iray of the quantu mechanical predictions abouL the behavior of electron
spins in agnetic fields, there were also experimental ar-'a ies that did not
fit well ,ith theory. 1. 1. Rab, (2) poinited out that thtse apparent disagree-
rents between theory and experiment were due to the neglect in previo,)s theories
of the effects of nuclear magnetic moments in paramagnetic atoms, i.e. atoms
with electron magnetic moments. Since the electron magnetic ioment is about
2000 t,' - greater than a nuclear magnetic moment, it had seemed easonable tc
neolect the effect of the nuclear manetic moment. However, Rabi iointed out
that in low external magnetic fields the nuclear magnetic moment ani the elec-
tron ,iaqnetic momeit are coupled togethe- magnetica1ly so that the seall
nuclea," mainetic moment partially controls the la-(ge effective magnetic momrent
of the atomi. Breit and Rabi in 1931 quantitatively demonstraced this effect in
the now famous Breit Rabi formula which shows, for example, that in an atom
with electronic spin 1/? and nuclear spin 3/2 the effective magnetic moment of
the atom varies with external magnetir lield as shown in Fiq. 2.

7. ,.TOMI, B i. 0j IrETION MEASUREMEITS Of NUCLEAR SPINS AND %AGNC'TIC MOMENTS

The Breit- abi formula became the basis of a long series of important measure-
ients of nuclea.- spins and magnetic moments in Rabi' laboratory at Columbia
University in tie period between 1933-1940 by Rabi, Cohen, Kelloq, Zacharias
and other , (2).

In the initial experiments the deflections were by weak magnetic Fields such
that eft" o in [ ig. 2 w'.as interiodiate etuween zero ad I and the beam was
correspondingly deflected. from an analysis of the deflection pattern the

' ,, /
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FIGURE 2
Effective magnetic moment of an atom
with electronic spin 1/2 and nuclear
spin 3/2 as a function of X =

-(Mj/J)HA/AW where Mj/J is the atomic
magnetic moment in a strong field
divided by the elecLron spin J = 1/2
and where W 's the atomic hyperfine
separation when H. = 0,

value of the nuctear spin and the x could be inferred. Fro x and the value of
Ho the value of W could be calculated and from this and the atomic wave func-
tion the nuclear iagnetic moment could be determined. The experiments, however,
suffered froms the disadvantage that the velocity distribution of the molecules
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s,'ieared out the deflection pattern in a manner that both made the analysis
difficult and diminished the accuracy of the magnetic moment determinations.

A major improvement was the invention by Rabi of the zero moment method.
Ilom iig. 2 it can be seen that for a specific value of x the effective magnetic

ilo0lent .eff is zero. At this value, there is no deflection. Consequently if
the undeflected beam intensity is measured as Ho and hence x is varied, the
intensity will rise to a peak at the value of x corresponding to a zero moment.
Since the zero of deflection is zero for all molecules independent of the

velocity, the peak can be both intense and narrow. The number of peaks gives
the value of the nuclear spin and the Spacinq of the peaks gives the value of

1 frol which the nuclear magnetic moment can be inferred.
in the atomib. deflection methods the sign of W could also be determined by

allowinq the atoms to pass through regions in which the ;iagnetic field was

successively, reversed, thereby inducing transitions between states with differ-
ent paqnetic quantum numbers m.

In the period from 1935 to 1940, Rabi, Millman, Fox, Manley, Zacharias,
Ha'liilton, enzetti, and others (2) in Rabi's laboratory at Columbia made man
v easurements of nuclear spins and magnetic moments by the atomic deflection

and :et 1;o;,ient methods. The focussing of interest on these experiments led to
a ther decline in the emphasis on >cattering and collision experiments.

IC RESONANCE METHOD

The measureents of the signs of nuclear magnetic moments, required transi-
tions between atomic states of different m values. To aid in analyzing these
transitions, Rabi considered the theoretical problem of a magnetic moment with
an associated angular momentum in a fixed magnetic field about which a smaller
perpendicular magnetic field rotated with angular frequency ; the title of his
theoretical paper was "Space Quantization in a Gyrating Magnetic Field.' This
paper provides the fundamental equation for the transition probabilities of
the molecular beam magnetic resonance method and of subsequent nuclear magnetic
resonance methods. Nevertheless at the time the paper was written the objec-
tive was to account for transitions induced in atoms on passaqe through regions
in which the direction of the field successively chanqed. Since the molecules
had a wide distribution in velocities the sharp resonances predicted by the
formulae in that paper for a single frequency were lost when the formulae were
averaged over the velocity distribution. As a result,this paper was not
immediately followed by the invention of the molecular beam magnetic resonance
riethod. Instead Rabi's fundamental theoretical paper was first submitted for
publication on March 1, 1937 and it was eight months later before experiments
were started using oscillatory fields which preserved the sharp resonances,
even though Pabi ha zoi.. . 

informal discussions with his colleagues in the in-
tervening months on the possibility of using oscllatory fields. A year
earlier, Gorter (3) had published a report on his unsuccessful attempt to de-

tect nuclear magnetic resonance by absorption by microwave absorption and he
described these unsuccessful experiments to Rabi on a visit to Columbia in
September of 1947. Soon thereafter, Rabi made a major change in the program
in his molecular beam laboratory and two of the major research groups in that
laboratory began converting their apparatus to a form in which the transitions

were induced by a magnetic field driven by a radiofrequency oscillator. The
form of apparatus used is shown schematically in Fig. 3. Molecules from the
source 0 are deflected by inhomogeneous magnetic field A, pass through colli-
iator S and are refocussed to detector D by the inhomogeneous field B, whose
direction of inhomogeneity is opposite to that of A. A uniform fixed magnetic
field Ho and a small perpendiculer field IIl oscillating at angular frequency

areapplied in region C. When the frequency . is close to the nuclear Larmor
precession frequency .o (.;I/411)H o transitions are induced and the detected
bears intensity is reduced by a failure of the refocussing for molecules whose
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FIGURE 3
Schematic diagram of molecular beam magnetic resonance experiment.

orientation state has been changed by the transitions. The peak of the reduc-
tion in refocussed beam is for., = .0. The nuclear magnetic moment JI cdn
therefore be determined by a measurement of .= !o and by a determination of Ho.

The first experiment to show a molecular beam magnetic resonance curve was
that obtained for Li in L*C; by Rabi, Zacharias, Millman and Kusch (4) and is
shown in Pig. 4.

The other resonance experiment by Kellogg, Rabi, Ramsey and Zacharias (5)
yielded results that at first sight were disappointing but ultimately proved
to be much more interesting. The intent was to measure the magnetic moments
of the proton and deuteron and a single sharp resonance as in Fig. 4 was antici-

100

z

IC Il I1 20
MAGNE7 CURREN'T IN~ APERES

FIr',IRE 4
First molecular beam nuclear magnetic
resonance curve (4). Li in LiC2
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pated. Instead the peculiarly shaped curve in Fig. 5(a) was observed for the
molecule H2. Eventually, sharp proton and deuteron resonances were obtained
in HD and the proton and deuteron magnetic moments were obtained from these
values. The problem of the peculiar structure of the H2 and D2 curves was
initially left as a thesis project for Ramsey, the one graduate student in the
group. He found that the curve became more interpretable if the radiofrequency
power were drastically reduced but that the structure remained and became even
more pronounced. The structure was similar to curves characteristic of
spectroscopy as shown in Fig. 5(b) with resonances occurring at the Bohr fre-
quencies .o = (Ei - Ef)/i. The curves could be interpreted in terms of addi-
tional interactions in the H2 molecule such as spin-spin and spin-rotational
interactions as well as the interaction of the nuclei with external magnetic
fields. He also found that the width of the D2 resonance curves was greater
than that expected from D2, which suggested the possibility of a deuteron quad-
ruple moment which had been discussed as a possibility by Rabi. It therefore

became apparent that the detailed study of the structure of the curves was more
appropriate for the whole group that had built the apparatus and Ramsey took for
his thesis project measurements of rotational magnetic moments of H2, D2 and
HD. The group of Kellogg, Rabi, Ramsey and Zacharias (5) then lengthened the
apparatus and obtained the much clearer spectrum shown in Fig. 5(c). They also
clearly confirmed that the extended spectrum with D2 arose from a deuteron
quadrupole moment. Radiofrequency spectroscopy began with these studies and
the subtitle "Radiofrequency Spectroscopy" was used on the papers (5).

In 1940, Kusch, Millman and Rabi (6) studied the paramagnetic atom 
7
Li by the

molecular beam resonance method and thereby observed the first electronic
paramagnetic resonances. Resonances were observed both for .F = 0, 'm = -
transitions and for 'F = 1 1 transitions where F is the quantum number associa-
ted with r, the vlct~r s m ol the electronic angular momentum 5 and the nuclear
angular momentum I (F t + J). During the same year the '.F 1 transitions
in Cs were studied, one of which later became the basis of the Cs atomic beam
clocks in terms of which the second and the meter are now defined.

With the great activity devoted to the molecular beam magnetic resonance
method, other molecular beam studies such as scattering became only a small
fraction of the total molecular beam activity and durinq World War II almost
all molecular beam research came to a temporary end.

9. MOLECULAR BEAM RESONANCE EXPERIMENTS FOLLOWING WORLD WAR II

Shortly after World War II there was a dramatic resurgence of atomic and
molecular beam research, mostly devoted to resonance experiments and radiofre-
quency spectroscopy.

In 1947 Rabi and Hughes (2) carried out the first molecular beam electric
resonance experiments. The technique was essentially the same as for the mag-
netic resonance experiments except the atoms were deflected and refocussed by

inhomogeneous electric fields and the transitions were induced by oscillatory
electric fields. In the subsequent years the electric resonance spectra of
many molecules were studied by Rabi, Trischka, Grabner, Carlson, Lee, Fabricand,
Zeiger, Bolef, Ramsey and others (2). Since individual rotational and vibra-
tional states of molecules were ordinarily resolved by this technique, accurate
measurements of the internal molecular interactions were made with the electric
resonance method for a number of different molecules in specific rotational and
vibrational states.

In 1946 and 1947 Lamb and Retherford (2) studied the fine strucLure of atomic
hydrogen by an atomic bears resonance method and discovered that the 2

2
S,1 2 and

2 PI/ 2 states of atomic hydrogen were not degenerate. Accounting for this ob-
served Lamb shift was a major stimulus to the development of quantum electro-
dynamics.
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FIGURE 5
(a) Early nuclear magnetic resonance curve with H-. (b) Magnetic resonance
curve with reduced radiofrequency power. (c) H2 magnetic resonance curve
with reduced power and longer resonance region.

In 1947 Nofe Nelson and Rabi (2) measured accurately the hyperfine interac-
tion in atomic hydrogen and showed it was different from that expected theoreti-
cally. This was the first indication that the electron magnetic moment was

different from the prediction of the Dirac theory. This discovery stimulated
the development of relativistic quantuim electrodynamics which was the first
s ccessful quantum field theory and the model for other field theories such as

iantuoi chromodynamics. The anaomalous magnetic moment of the electron was
measured directly by Kusch (2) and others (2) in a series of experiments
extendinj from 1948 L. 1952.

In 1950, Ramsey (2) proposed the method of separated oscillatory fields in
which the siOnqle oscillatory field region of the Rabi method was replaced by

two separated but coherent oscillatory fields, one at the beginning of the
transition region and the other at the end. This method riot only provides
resonances that are almost twice as narrow as the Rabi resonances in favor-
able cirrurstances for the latter but also can provide narrowing of the reson-
anice ,

by factors of ten or more when the static maqnetic fields are not
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sufficiently uniform. The separated oscillatory field method also overcomes
first order Doppler shifts, is applicable to high frequencies where the wave
IPngth tC th2 i.ati ' ' is ,aM uumpa1ed to tie lenqth OT the transition
region, provides a narrowing of the line even below that expected by a simple
application of the Heisenberg uncertainty principle, etc.

From 1950 onward, nuclear interactions in many molecules were made by mole-
cular beam resonance methods by Ramsey, Ozier, Anderson, Cederberg, Klemperer
and many others.

An important advance in molecular beam techniques was introduced in 1951 by
Friedburg, Paul (2) and others (2). This was the use of magnetic hexapoles and
electric quadrupoles both for state selection and for achieving space focus-
sing which markedly increased the intensity of the beams.

In 1951 Kantrowitz and Grey (2) pointed out the possibility of using hydro-
dynamic jet sources both for increasing the effective beam intensity and to pro-
vide cooling of the beam and its rotational states. Slichter, Smalley, Ross,
Zewail, Miller and Levy and others (2) have extensively used jet -ources in
molecular beam studies. From some points of view the tendency of such beams to
form polymers and van der Waals complexes complicates the interpretation of
experiments, but from other views it is an advantage since it permits the study
of van der Waals complexes, miolecular clusters, droplets, radicals, and chemical
intermediates. Sec'uing a beam with a mixture of two molecules extends the scope
of the technique.

In 1954 the first maser of Townes and others (2), was based on molecular beam
techniques. NH3 passed through electric quadrupoles which focussed molecules in
the higher inversion on a tuned cavity amplifier and oscillator.

In 1960 Ramsey and Kleppner (2) developed the first atomic hydrogen ntaser.
In this device a beam of atoms in the higher hyperfine state are focussed by
a six pole magnet into a teflon coated storage bottle inside a cavity tuned to
the hyperfine transition frequency of atumic hydrogen. This device not only
permits highly accurate measurements on atomic hydrogen, deuterium and tritium
but it also provides the most stable clock so far built. For this reason it is
extensively used in long base line radioastronomy and other applications re-
quiring a clock of high stability. Stabilities of 5 x 10-16 over several hours
are achieved.

In the period following the invention of the laser there have been many ap-
plications of lasers to atomic and molecular beam research. Lasers have been
used with atomic and molecular beams for (a) Laser spectroscopy, (b) Excitation
of molecules to high states, (c) Beam detection, (d) State selection, (3) Laser
fluorescence spectrascopy, (f) Separated oscillatory laser fields, (g) Study ot
short lived isotopes, (h) Collinear fast beam laser spectroscopy, etc.

10. ATOMIC AND MOLECULAR BEAM SCATTERING AND INTERACTION EXPERIMENTS

As mentioned earlier, few atomic beam scattering experiments were carried
out in the period immediately preceeding World War II and even fewer during
World War II. Likewise in the immediate post war period, scattering experiments
did not share the dramatic recovery made by molecular beam maqnetic and electric
resonance experiments. However, a new era of atomic beam scattering and inter-
action experiments began soon thereafter. Elastic scattering experiments were
undertaken at many places. Quantum effects in scattering were observed and
studies were made of rainbow and glory scattering.

Inelastic and reactive scatterings were studied extensively and became
powerful tools for studying chemical processes in detail.

Photofragment and photo chemistry spectroscopy was studied by atomic beam
techniques. As a result, during the decades following World War 11 there has
been a dramatic (but still somewhat oscillatory) growth in the molecular beam
scudies of collisions and interactions.
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In thK p,,t fi yeas the &;udy of "atLering and interactions have been
marked by the great power brought by a combination of techniques: lasers, jet
beams, atomic beams, pulse techniques and spectroscopy. With these combinations,
it is possible to identify the initial and final states of molecules and atoms
that interact.

11. CONCLUSION

Moiecular beams has had a rich 75 year history. Many fundamental discoveries
have been made with atomic beams and important devices like the maser were first
developed with this technique. The progress has been more by oscillatory stages
rather than by steady advancement but the advances have been large.

We have recently witnessed a joining of many techniques: molecular beams,
scattering, jets, lasers, spectroscopy and pulse techniques. With this power-
full combinations, the field should have a bright future. The accomplishments
of the molecular beams in the past 75 years make these years a hard act to
follow, but there is every reason to believe that the next 75 years will also
be exciting.
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STATE-TO-STATE ENERGY TRANSFER IN COLLISIONS OF NEUTRAL MOLECULES*

W. Ronald GENTRY

Chemical Dynamics Laboratory, University of Minnesota, 207 Pleasant Street,
S.E., Minneapolis, Minnesota 55455, U.S.A.

The kinetic energy dependences of cross sectiuns for state-to-state rovibra-
tional transitions in collisions of neutral molecules have been measured with
a novel instrument combining crossed, pulsed molecular beams and laser-
induced fluorescence detection. The results may be understood qualitatively
in some cases by comparison with simple dynamical models, but the quantitat-
ive details depend on subtle features of the interactions which will require
more sophisticated theoretical interpretation.

I. INTRODUCTION

Of all the principal categories of molecular collision phenomena, vibration-
al transitions in collisions of neutral molecules are the last to be studied by
molecular beam techniques at a state-resolved level of detail. The main reason
for this is that the cross sections for vibrational transitions tend to be much
smaller than those for elastic or for rotationally inelastic scatterinq, while
the interfering background signal from the primary beams is more severe than in
the case of reactive scattering, where the products are structurally distin-
guishable from the reactants. The signal-to-background problems are compounded
by the fact that vibrational transitions are nearly always accompanied by rota-
tional transitions, so that very high energy resolution is required to distin-
guish between the two. Thus, one must deal with the worst of both circum-
stances and search for a low intensity signal with high resclution.

The observation of vibrational excitation in ion-molecule collisions is much
easier, and in fact it has now been about fifteen years since the first mea-
surements of total and differential cross sections for state-resolved vibra-
tional excitation, in the H+ + H2 and Li + H2 systems (1-4). The dynamics of
the ion-molecule excitation processes, however, a;'e quite different from those
expected for neutral systems. In the first place, high probabilities for vi-
brational transitions in ion-molecule collisions are generally obtained by
accelerating the ions to kinetic energies which are much larger than the vibra-
tional excitation energy--typically about 10eV or more. Secondly, extensive
rotational excitation is usually avoided by observing the scattering at small
center-of-mass (c.m.) scattering angles, where vibrational transitions may be
induced by long-range electrostatic interactions, and where nonpolar molecules
experience only a small net torque (5). For neutral molecules, such high
kinetic energies are not readily available, and long-range electrostatic forces
are generally much less important than the shorter-range valence contributions.

Despite the technical difficulties in studying the microscopic details of
vibrational energy transfer in neutral systems, these phenomena are of great
theoretical and prac.Lical significance. Exoergic chemical reactions tend to
form products with highly excited non-Boltzmann vibrational populations, and
the rates of subsequent reaction steps may depend strongly on the vibrational

*The research described in this review has been supported by the Division of
Chemical Sciences, U.S. Department of Enerqy, contract no. DE-ACO2-83ER13063.
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state distribution and hence on the rates of the energy transfer processes. In
another example, the performance of infrared chemical lasers depends critically
on the microscopic rates of formation and depletion of individual vibrational
states. As with other types of molecular collision processes which have been
investigated by molecular beam techniques over the last twenty-five years, one
expects single-collision experiments, with selection of initial and final
states and control of the kinetic energy, to yield more insight into the dynam-
ical mechanisms responsible for vibrational energy transfer than is available
from measurements of thermally averaged rate coefficients (6).

Although crossed molecular beam studies of state-resolved rotational excita-
tion in neutral systems were first performed about eight years aqo (7-9), and
have now been extended to many systems (10), there have been only a few very
recent experiments in which vibrational transitions were observed. These in-
clude Na2 excitation observed by laser-induced fluorescence by Serri et al.
(11) and more recently by Bergmann and coworkers (12), and the singular experi-
ment by Ryali et al. (13) on bending-mode excitation of CO, detected by a
Fourier transform infrared spectrometer. It is the purpose of the present re-
port to describe the experiments in our laboratory which have made possible the
measurement of cross sections for state-resolved vibrational excitation as
functions of the kinetic energy of collision for a relatively broad range of
energies and chemical systems. Examples will include the state-to-state vibra-
tional excitation of I and the mode-specific vibrational excitation of two
"large" polyatomic molecules, p-difluorobenzene and aniline. The signal-to-
background problems in these experiments were ameliorated by the use of a novel
crossed, pulsed beam apparatus, and the high resolution necessary to observe
vibrational transitions in the presence of the much more probable rotational
excitation was provided by a laser-induced fluorescence (LIF) detection scheme.

2. PULSED MOLECULAR BEAM APPARATUS

The molecular beam sources used in this work are very fast electromechanical
valves with open times of approximately 20usec (14,15). The instantaneous in-
tensities of the supersonic molecular beams from these sources, operated at
total pressures of 15-19 atm and nozzle diameters of about 0.6mm, are orders of
magnitude higher than those which are typical for continuous beams. The in-
stantaneous scattered -qnal, which is proportional to the product of the two
primary beam intensities, is also correspondingly larger. At the same time,
the residual background pressure of the sample molecule is extremely small.
The primary molecular beam pulse, which is physically only a few cm long, does
not contribute to this background until it traverses the scattering chamber and
is reflected from the vacuum chamber wall. The real scattered signal is mea-
sured with a pulsed laser while the two primary beam pulses are at the crossing
point, and before the background signal rises. In the interval between pulses,
which is typically 100-125ms, the background gas is removed by the vacuum pumps
with a pumpout time constant of about 30ms.

Figure I shows a cutaway drawing of the apparatus, with the important fea-
tures drawn approximately to scale. The main vacuum chamber is a horizontal
cylinder about 50cm in diameter and 85cm long. This chamber is divided into
three sections by two internal partition disks, each of which forms a rotating
o-ring seal with the inside of the cylinder, and each of which is rigidly con-
nected to a rotating lid at one end of the cylinder. The two molecular beam
sources are mounted in chambers attached to these partition disks, so that each
source can be independently rotated in a vertical plane through the center of
the apparatus, by turning its respective rotating lid. At any angle of rota-
tion, differential pumping of the source chamter is provided through a port in
the partition disk at the base of the source chamber. The kinetic energy of
collision in this instrument can therefore be conveniently and continuously
varied, without changing the source conditions, by simply varying the intersec-
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FIGURE 1
Cutaway drawing of the crossed, pulsed molecular beam apparatus with LIF detec-
tion at the University of Minnesota (17).
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tion angle of the two beams.
The detector in this apparatus is a photomultiplier tube which images the

center of the crossing region with a spherical mirror and lens system. The
laser beam enters and leaves the vacuum system through Brewster's angle windows
and long light baffles which reduce the scattered light background to about I
in 10photons. In operation, the molecular beam pulses are collimated with
multiple skimmers to angular widths of 2-30. The laser is tuned to the appro-
priate spectral frequency for detecting the selected state of the scattered
molecules, and timed to intersect the molecular beam pulses at the crossing
point. The LIF signal, proportional to the collision-induced population of
that state, is then measured as a function of the molecular beam intersection
angle. The result is transformed into the total cross section for populating
that state as a function of c.m. kinetic energy. Relative cross sections for
various transitions are all normalized to a single value, called the "attenua-
tion cross section" aa , which represents the total rotationally and vibration-
ally inelastic cross section for scattering of the primary beam molecules out
of the small range of rotational states detected at a convenient v=O bandhead
at a selected high value of collision energy. For I collisions, Oa is essen-
tially the total gas kinetic cross section, about 45P , and for p-difluoroben-
zene and aniline collisions 0a is expected to be close to the gas kinetic
value, since virtually every collision results in scattering of the internally
cold primary beam molecules out of the narrow range of rotational states viewed
by the detector at the bandhead.

Additional details of the apparatus and data analysis can be found in previ-
ous reports (16-18).

3. VIBRATIONAL EXCITATION OF 1 IN COLLISIONS WITH He

The first example which will be presented is thac of vibrational excitation
in a relatively "simple" system, I + He (16,17). In a typical experiment, I
was seeded at about 1 torr partial pressure in He carrier gas at a total pres-
sure of 10' torr. The resulting supersonic expansion cools the I rotational
degree of freedom to about 1-2K, and the v=l/v=O population ratio to about
10- ' . Figure 2 shows the cross sections for excitation of v=1, 2 and 3 from
v=O as functions of kinetic energy, over the range from the v=1 threshold to
about 16 vibrational quanta. The laser in each of these cases was tuned to a
convenient vibrational bandhead of the B('Hu) X(1z+) transition, where only the
J<5 states were detected. An analysis of tne rotational bandshapes for the LIF
spectra show that vibrational excitation in this system occurs with very little
concommitant rotational excitation. For each of the final excited vibrational
states the most probable change of rotational quantum number is about 5.
Nevertheless, at 100meV collision energy the total rotationally inelastic
cross section Ga is about 10 times the total vibrationally inelastic cross
section.

Perhaps the most striking feature of the data shown in Fig. 2 is the quali-
tatively different energy dependences for the different final vibrational quan-
tum numbers. The a00 cross section shows a sharp onset at threshold, with a
linear kinetic energy dependence, while a,, and a,, have accurately quadratic
and cubic energy dependences, respectively. This behavior is very reminiscent
of that which we observed many years ago in the state-resolved differential
cross sections for vibrational excitation in H+ + H,(v=O) collisions (2,3).
Figure 3 shows the H+ + H2 scattering data for several collision energies and
scattering angles plotted as ratios Pv/Po of the probability of the inelastic
to the elastic channel. The same simple dependences--linear for P,, quadratic
for P2 and cubic for P,--are seen when these probability ratios are plotted as
functions of the parameter c = -inPo . These dependences are easily derived
from the correspondence between the classical and quantal equations of motion
for a harmonic oscillator which is excited by an arbitrary time-dependent force
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FIGURE 2 tial cross sections at several

Cross sections as functions of relative c.m. kinetic energies in the

kinetic energy Eo for 12(v=O) excita- range 4-21eV and c.m. scatter-
tion in collisions with He. The cross ing angles in the range
sections are normalized to the attenu- 6-36' (3). The solid lines are

ation cross section -a (about 45A') as linear, quadratic and cubic fits.
described in the text.

(19). An initially stationary classical oscillator driven by the force F(t)

gains the vibrational energy aE, given by

A E = f F(t)e-iwtdt(I

where P is the oscillator reduced mass and w is the vibrational frequency.
Quantum mechanically, the same oscillator subjected to the same driving force
will undergo discrete transitions from the ground state having a Poisson dis-
tribution of probabilities,
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V -E

ov v! (2)

where v is the vibrational quantum number, and E = AE/tw is simply the classi-
cal energy transfer in units of the vibrational quantum. In real molecular
collisions, each set of initial conditions (kinetic energy, impact parameter
and molecular orientation angles) leads in general to a different value of aE
and e, but the general form of Eq. (2) is preserved for the quantum number de-
pendence. Equation (2) gives directly the Pv/P o ratios for H

+ + H2 collisions
shown in Fig. (3). To obtain the kinetic energy dependences observed experi-
mentally for 12 + He collisions, two additional conditions are sufficient.
First, the transition probabilities must be small, making ec~ 1 and Pov , Ev
Second, AE and c must be proportional to kinetic energy. This is the result
expected for impulsive collisions, for which the classical energy transfer for
given initial conditions will depend only on the kinetic energy and the atomic
masses. For example, an atom (mass m) colliding collinearly and impulsively
with a homonuclear diatom (masses in) will vibrationally excite an initially
stationary molecule by the classical energy

AEID = ME, , (3)

m, (m, +2m,)
where M = (4)

(m,+m, )'

Perhaps the simplest extension of this model to three spatial dimensions is
shown in Fig. 4. Here an atom with initial momentum po transfers the momentum

FIGURE 4
Simple three-dimensional hard-sphere model for vibrational excitation in atom-
diatom collisions. The momentum transfer to the oscillator is the projection
on the oscillator axis of the impulsive momentum transfer normal to the surface
of the sphere.

p' normal to the surface of a hard sphere, and the momentum transfer to the
oscillator is taken to be p'cose. Averaging over impact parameter and orienta-
tion angles then gives the average energy transfer
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E3D = ME,/6 (5)

It is interesting that this simple model, together with the classical-quantal
correspondence relation, Eq. (2), predicts the correct dependence on v of the
cross sections cov(Eo), and also predicts the experimental cross section ratios
a0 /a, and oJa0, to within about a factor of two. Nevertheless, the actual
details of the collision dynamics are much more subtle, as shown by the quantum
scattering calculations performed for this system by Schwenke and Truhlar (20).
Because of the large rotational excitation in the vibrationally elastic chan-
nel, a quatitative interpretation of the scattering data depends very sensi-
tively on the anisotropy of the potential energy surface and on the dynamical
coupling between vibration and rotation. A very recent extension by Schwenke
and Truhlar of their previous calculation shows that the break in the o,,(Eo)
cross section at EQ = 180meV is due to the shift of a prominent feature in the
r~tational state distribution (perhaps a "rotational rainbow") from inside the
O<J5 range viewed by the detector to outside this range. The impulsive colli-
sion model also fails to explain the smaller 'ib'ational excitation cross sec-
tions which we observed for I, + D2 collisions compartd +c I, + He. Since the
mass parameters are essentially identical for the two cases, and since we do
not expect coupling to D, rotation and vibration to be important, a softer re-
pulsive interaction for D. + 1, compared to He + I is likely to be the oriqin
of the smaller excitation cross sections.

4. VIBRATIONAL EXCITATION IN ATOM COLLISIONS WITH LARGE POLYATOMIC MOLECULES

We now turn to the vibrational excitation of polyatomic molecules having
many vibrational degrees of freedom. At high levels of excitation the various
normal modes in such molecules will be strongly mixed by anharmonic coupling,
so that even if energy were localized in one normal mode at some initial time,
rapid and more-or-less statistical redistribution of the vibrational energy
among accessible levels would be expected. At low levels of excitation, how-
ever, energy deposited in one normal mode should remain in that mode for long
periods. Under these conditions there would appear to be no reason why one
should expect a dynamical process such as collision with an atom at some parti-
cular value of kinetic energy to populate all energetically accessible modes
with statistical probabilities. The possibility of mode-selective vibrational
energy transfer is intimately related to the question of whether mode-selective
chemistry will occur (for example, upon laser excitation of some specific reac-
tant state) since vibrational energy transfer will generally compete kineti-
cally with reaction.

So far we have results on two similar systems, aniline (C6 HNH.) and p-
difluorobenze,,e (C6H.F.), both excited by collisions with He. In both cases,
supersonic expansion of 0 1 to I torr of the sample molecule in about 10' torr
of He carrier gas resulted in a primary beam rotational temperature of about
1K. The attenuation cross sections were measured at the RQ (low J, low K)
bandheads if the S,(O) band origins, which were essentially featureless at our
primary beam temperature and laser bandwidths. Figure 5 shows the single-
quantum vibrational excitation cross sections measured for aniline + He colli-
sions for two modes (18). The NH2 inversion mode I has a v=O 1 transition
energy of only 41cm - , and corresponds to flipping of the NH2 hydrogens fron
one side of the benzene plane to the other. Mode T, also called mode 11, cor-
responds to the out-of-plane vibration of the entire NH2 group relative to the
benzene ring, and has a v=O.1 transition energy of 233cm'. The threshold
energies for v=O- excitation of these and several other low-frequency normal
modes are indicated by arrows in Fig. 5.

Excitation of mode 11 shows a linear dependence on collision energy above
threshold, just as was seen for v=O.1 excitation of 12, then a leveling off
which is at least qualitatively what one expects from the Poisson distribution
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FIGURE 5

Normalized cross sections as functions

of the c.m. kinetic energy for excita-
tion of modes I and 11 in aniline He
collisions. Arrows mark the v=l exci-
tation thresholds for modes I and 11,
and for six other low-frequency modes
for which excitation was not observed.

of Eq. (2) as E increases. Note that the normalized exci'ation cross sections
are much larger than for 12 + He at similar collision energies, even though the
mode 11 vibrational spacing in aniline (233cm-') is about the same as the I
vibrational spacing (213cm-').

The inversion mode I was observed at two spectroscopic fatures, correspond-
ing to low-J and high-J peaks of the RQ-branch transitions. Quite remarkably,
both features show v=0-1 excitation cross sections which increase with decreas-
ing kinetic energy down to the lowest kinetic energy (about 160cm

" 
) accessible

in the experircnt. This kinetic energy dependence is very different from that
of mode 11, and of course it indicates highly mode-speciFic behavior. Although
theoretical modeling of these data has not yet been attempted, it seems likely
that the origin of this kinetic energy dependence can be found in Eq. (1).
Given a time-dependent driving force F(t), it is only the Fourier component of
that force at the oscillator frequency u) which is effective in inducing transi-
ticns in that particular oscillator. Excitation of the extremely low-frequency
inversion mode is apparently favored by slow collisions which contain larger

low-frequency Fourier components of the interaction.
Perhaps the most surprising feature of the ariline excitation data is that
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none of the other modes for which v=0'1 thresholds are given in Fig. 5 were ob-
served at all. In each of these cases the experimental sensitivity was compar-
able to the scatter in the data in Fig. 5, making the probability of excitation
of each of these modes at least one to two orders of magnitude less than the
excitation probabilities for modes I and 11. This degree of mode specificity
is quite striking. There are two apparent differences between the modes in
which we observe excitation and all of the other modes in which we do not.
First, modes I and 11 are the two lowest-frequency modes of aniline, and one
generally expects the probabilities of low-frequency transitions to be favored
over those of high-frequency transitions simply because the kinetic energy de-
fect is smaller. However, the frequency differences do not seem to be large
enough to account for the observations. Modes I and 11 are excited with com-
parable probabilities in this kinetic energy range even though the w,/I fre-
quency ratio is greater than 5. By way of comparison, the wzsb/wratio is
only about 2, and 13b is not observed at all. The second difference is one of
oeometry: all of the unobserved modes are in-plane motions while modes I and
11 are out-of-plane bends. This suggests that some symmetry or other geomet-
rical feature of the interaction potential may be responsible for the mode

selectivity in this system.
Additional information is provided by the data on p-difluorobenzene + He

collisions (21). This molecule, of course, has no mode analogous to the inver-
sion mode of aniline, but its lowest frequency mode, designated 30, is quite
comparable to mode 11 in aniline. Mode 30 of p-difluorobenzene corresponds to
the in-phase out-of-plane bend of both C-F bonds, and has a v=O1 transition
energy of 160cm-'. Mode 30 excitation is observed to both v=1 and v=2, but
none of the other low-frequency modes are excited within our detection sensi-
tivity, including the out-of-phase out-of-plane C-F bend at 374cm

-
'. The ex-

ceptional activity of mode 30 which we observe in our crossed-beam experimpnts
with S, p-difluorobenzene has also been observed in collisional relaxation rate
measurements for both the S. and S electronic states, and even in collision-
free vibration energy redistribution within the molecule following excitation
of selected combination bands in S, involving mode 30 (22-24). It is not clear
at present whether the apparently ubiquitous role which mode 30 plays in the
energy flow dynamics in this molecule is merely a consequence of its low fre-

quency or is related instead to some specific dynamical coupling mechanism.
It is intriguing that the first two polyatomics which we studied show such

strong and similar mode specificity. However, two systems constitute much too
small a set from which to draw general conclusions. It is also evident that a
great deal of theoretical work is needed cI both the potential energy surfaces

and the collision dynamics in order to provide a more rigorous basis for inter-
pretation of the data. Nevertheless, it app, ars that state-resolved single-

collision experiments on vibrational excitation in a wide variety of neutral
molecular systems are now feasible, and one can look forward finally to the
same kind of detailed insights into the microscopic dynamics of vibrational
energy transfer of neutrals that molecular beam experiments have previously
yielded for other categories of molecular collision phenomena.
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RADIATIVELY STABILIZED COLLISIONS: DIELECTRONIC RECOMBINATION AND RADIATIVE
ASSOCIATION

Gordon H. DUNN

Joint Institute for Laboratory Astrophysics, National Bureau of Standards
and University of Colorado, and Departments of Physics and Chemistry,
University of Colorado, Boulder, Colorado 80309

Radiatively stabilized collisions are a class to which relatively little
attention has been given -- especially experimentally. In this paper two
processes representative of radiatively stabilized collisions -- dielec-
tronic recombination and radiative association -- are discussed, and recent
experimental measurements on both collision types are described. Radiative
association rate measurements have been carried out in a Penning ion trap
at 11 K. Dielectronic recombination measurements have been made which show
definitively the dependence of cross sections on extrinsic fields in the
collision region and also demonstrate the dependence of cross sections on
principal quantum numbers of the product Rydberg atoms.

1. INTRODUCTION

Consider the collision of two particles which, upon collision, form a
complex with the excess initial kinetic energy distributed to internal modes
of the complex. If the energy becomes redistributed to translational energy,
the particles separate, and there is little evidence of the complex having
formed except for, perhaps, some structure in the elastic scattering cross
section. If, on the other hand, a radiative transition occurs between states
of the complex, then sufficient energy may be carried off by the photon to
leave behind a stable combined particle. We will refer to this latter case as
a radiatively stabilized collision.

We may represent this by

A + B k b AB** A r *

A+B-AB -*AB + hv ,(1

f

where kf is the rate for complex formation, kb is the rate for the complex's
coming apart again, and Ar is the radiative stabilization rate. Clearly, the
rate for the radiatively stabilized collision is the forward rate kf times the
branching ratio for stabilization,

A
kr  = k f( r )  (2)r

r b

Often, kb >> Ar, so that Eq. (2) becomes kr kf/kb(Ar). Further, recognizing
that kf and kb are related by detailed balancing, we have

r  V sp Ar , (3)

where Vsp is a function of the phase space in the collision.

Staff Member, Quantum Physics Division, National Bureau of Standards.
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Two very important examples of radiatively stabilized collisions are
radiative association (RA) and dielectronic recombination (DR). The first of
these is important, perhaps crucial, in the ion-molecule reaction chains lead-
ing to synthesis of molecules in cold interstellar gas clouds (1-5). Dielec-
tronic recombination has long been recognized (6) as essential to modeling of
the hot plasmas occurring in fusion devices, stellar atmospheres, high power
lasers, and etc.

2. RADIATIVE ASSOCIATION

In an ion-molecule collision, a complex may be formed where translational
energy becomes tied up in electronic-vibrational-rotational energy of the
complex molecule comprised of the colliding partners. If a photon of suffi-
cient energy is emitted prior to the energy's being redistributed to transla-
tional energy, then radiative association will have taken place. Examples
which serve to demonstrate the process are

kb + ** ArC
+ 
+ H 2 (C .H2) - (CH2

+ ) 
+ hv (4)k f

k b  + A**CH3
+ 
+ H2 - (CH3 .H 2 ) * (CH5)5 + hv (5)

k f

The first of these, Eq. (4), is hypothesized (3) to be a crucial initial step
in carbon molecule synthesis in the interstellar medium. The second, Eq. (5),
is thought (7) to be a key reaction in the chain leading to formation of
methane in these clouds.

Because of the importance of radiative association, a substantial amount of
work has gone into the theory for the process (8-19). It is beyond the scope
of this paper to deal with the details of the theory, but the developments
follow arguments such as those leading to Eq. (3). Generally, the process is
so complex that one doesn't know the details of states involved, so the hest
one can do is to make reasonable estimates (20) for the value of Ar. Values
between 102 and 103 s

-
1 are usually assumed. For the assumption that thermn-

dynamic equilibrium prevails, we have (10,11) for Vsp

V h
3  

f(AB**)Vs T 2 ukT)3 -T A T - 6

where the f's are the internal partition functions indicated. Again -- par-
ticularly as it pertains to the complex AB** -- detailed knowledge may not he
available for specifying the f's and an assortment of estimates and approxima-
tions must be resorted to.

Brief examination of Eq. (1) [or Eqs. (4) and (5j] leads one to realize
that collision of the complex AB** with another body may also lead to stahi-
lizing the complex, as the third body, rather than a photon, carries away the
excess energy. Thus, any efforts to observe the radiative process experimen-
tally must take into account this prospect of collisionally-assisted associa-
tion.

When a third body M enters into Eq. (1), we have a new form for Eq. (2)

SA r+ks[M]

ka k fk b+Ar+ks[M] (7)

where ka is the total association rate coefficient, ks is the rate coefficient
for stabilization of AB**, and [M] is the density of M. If Ar - 103 s-1 and
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ks - 10
- 9 

cm
3 

s-1, then for [M] > 1012 cm
- 3 

the collisional process may domi-
nate. In the range of densities Ar/ks << [M] << kb/ks we have ka - kfrhks[Ml.
Thus, over some range of [M], if ka is measured, then combined with reasonable
estimates (Langevin) of kf and ks , Tb=l/kb can be obtained. In combination
with Eq. (2), then, and estimates of kf (again, Langevin) and Ar, estimates of
kr may be obtained. This procedure has been used for a number of cases. How-
ever, Tb is a very steep function of temperature, and to get from the tempera-
tures (T>80 K) at which such measurements of Tb have been made to temperatures
(10 K) of the interstellar medium requires uncertain extrapolation.

There seem to be only two direct measurements of RA. Woodin and Reauchamp
(21) used an ICR cell at 300 K and gas densities the order of 10q cm

- 3 and
greater to observe association reactions of the type

Li+ + (LPM) , Li.(LPM) + , (8)

where (LPM) means "large polar molecule," e.g. (C2H5) 2C0, CH3COC 2Hs, Here
kb is estimated to be small (the energy gets "lost" in all the degrees of
freedom of the complex), the gas density is small, and it is almost certain
that their measurements are primarily due to radiative association.

Barlow, Dunn, and Schauer (22) used a technique introduced by Luine and
Dunn (23,24) to make measurements at 13 K for the reaction in Eq. (5). Here
the temperature is low (characteristic of the interstellar clouds), and the
reaction involves a small nonpolar molecule and a complex with a relatively
short lifetime.

The measurements were made using a Penning ion-trap technique which is
described elsewhere (22-27). The trap, schematically illustrated in Fig. 1,
is made up of two end caps and a ring which are hyperboloids of revolution.
It is cooled to 11 K and centered and aligned in the 2.4 T field of a super-
conducting solenoid. A negative potential on the ring produces a harmonic

9 = BZ
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End Ca 1 
Torget Gas Pipe

Ring T170 K
Ringo-

End Cop 109 a Target Gas

Col lector Background/
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T=ll K Purified

Palladium
Leak Unpurified

H2

FIGURE I
Schematic of cold Penning ion trap used for radiative association measure-
ments.



26 G.H Dunn

well along the z axis, thus leading to positive ion confinement along z. The
ions of charge q and mass m are radially confined by the magnetic field. In
the trap, ions move with simple harmonic motion along the z axis at frequency
Vz, the ion cloud rotates uniformly about the z axis with the magnetron fre-
quency v-, and the ions execute cyclotron motion in the R field with the off-

set cyclotron frequency v+ = vc - v-, where vc 
= 
qB/2wm.

Ion clouds of CH3
+ 
were made with densities of 105 - 106 cm

"3 
and trapping

lifetimes of order 10
7 
s. Hydrogen gas was then introduced through the hack-

ground gas pipe (Fig. 1) to bring the neutral density to -10
7 
cm-

3 
and the

trapping lifetime to -104 S.
Ions are nondestructively detected by measuring the noise power at vz in

image currents to the endcaps. The area Sz under the spectral feature at Uz
is proportional to the product of the number of ions and their axial tempera-

ture. The relative number of ions of a particular q/m is measured by applying
a small amount of rf power at v+-v_; ion-ion collisions rapidly bring the ion
cloud into thermal equilibrium, and one observes an increase in signal propor-
tional to the number of resonant absorbers, the square of rf amplitude, and
the heating time.

Sequential heating of each species in a period short compared to the
reaction time is used to establish the relative number of each ion at the
measurement time. Figure 2 shows a typical measurement cycle. The cooling or
equilibration rate after each heating is also determined to give a measurement
of the neutral density (gas densities at 11 K and at the trapping site are not
measurable by conventional techniques).

Both parent and daughter ions and neutral colliders are thus monitored at
intervals over -104 s and the total ion number NT(t) = Yi Ni(t) is least-
squares fitted to NT(t)=Noexp(-t/Ta) to determine the attrition time Ta of
ions in the trap. The number ,f product ions is given by Np(t)=Noexp(-t/Ta)

[l-exp(-t/Tr)3; so that a plot of Xp(t) = xni1-[Np(t)/No)]exp(t/Ta)T versus

time yields a line of slope 1/Tr, where Tr is the reaction time constant.

-JCH 

(.4)

z

z
0

I I
10,700 10,800 10,900 11,000

TIME (sec)

FIGURE 2
Demonstration of ion signal versus time. The observed signal, the noise power
in image currents at vz, is proportional to product of ion number and tempera-
ture. The signal increases sharply (arrows) when cyclotron resonant power is
applied, thus increasing the temperature. The power input [(rf amplitude)

2 
x

time] for heating CH5
+
was 4 times greater than for CH 3 . From Ref. 22.
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The reaction probability Pr(T) is the ratio of the ion-neutral collision
time to the reaction time; Pr(T) = TC/T r. The ion-neutral collision time rC
is related (28) to the observed equilibration time Te by Tc = (8/3)x

[mimn/(mi+mn)
2
]Ie, where mi and mn are the ion and neutral masses, respec-

tively. The reaction rate coefficient is then simply kr(T) = kc(T) Pr(T)
where kc(T) is the collision rate coefficient. Assuming that the contrihution
of the quadrupole moment of H2 is small, one can take kc(T) to be simply the
Langevin value kL(T) = 2q(a/u)1/2, where q is the ion charge and a the mole-
cular polarizability. Then we have

kr(T) 8 mimn Te

(m( +m ) r

as the final relationship for obtaining the reaction rate coefficient.
With this method, Barlow et al. (22) found for the reaction of Eq. (5)

k (13 K) = 1"1(+0"4 10
-1

3 cm3 s-1

r5( 1 -102) 0 c

and Luine and Dunn (23,24) established an upper limit for Reaction (4) of

kr4 (13 K) < 1.5 x 10
15  cm

3  
s

"I

The measured value of kr5(13 K) is about an order of magnitude larger than
theoretical values in the literature (16,29).

A more recent calculation of Bates (17) giving Vsp together with the mea-
sured kr5 and using Eq. (3) yields Ar = 3 x 103 s-

1
. Extrapolating three body

data of Smith and Adams (30) for kb, and assuming 50% of collisions result in
stabilization, gives Ar = 529 s

-1 
when taken with Eq. (2) and the measured

kr5. The extrapolation of the three body data to low temperatures is a very
uncertain procedure, so the disagreement by nearly a factor of 6 is not reason
for concern; rather it points up the difficulties of extrapolating.

From the above brief discussion of RA, we can conclude that
1) The basic problem seems reasonably well understood, hut ways to

theoretically get at Ar are inadequate. The calculation of Vsp is very diffi-
cult -- especially as it involves unknown states of the intermediate complex.

2) Experiments are woefully few in number. More experiments are needed.
However, drift tube techniques operate at densities where typically [M] >
Ar/ks for reasonable Ar, so results with these methods will be looked at with
some skepticism.

3) The stabilizing photons should be looked for experimentally. This
promises to be a Herculean task that will not likely he accomplished in the
near future.

4) For purposes of more directly relating to the interstellar medium,
measurements at low temperatures on H2 should be done using pure para-
hydrogen, since Vsp [Eq. (6)] depends on the ortho/para mix.

3. OIELECTRONIC RECOMBINATION

Dielectronic recombination is the other example of a radiatively stabilized
collision which we will discuss here. The DR process has been recognized (6)
for more than twenty years as important in hot plasmas; but interest in DR has
intensified over the past three years since the first direct cross section
measurements were made (31-34).

For this case, the form for Eq. (1) becomes

e + Xn+ (X(n-1)+)** . (x(n-l)+)* + hv , (10)
and is represented pictorially in Fig. 3. An electron with energy E less than
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FIGURE 3
Cartoon showing the sequential "steps" in dielectronic recombination.

AE, that is necessary to excite level j of the target ion, gains kinetic en-
ergy from the Coulomb field as it approaches the ion. Close to the ion core,
the electron has more than enough kinetic energy to excite the core, hut
having done so, it finds itself bound with energy c. The complex AB** of Eq.
(1) is thus formed. The two electrons can communicate, and the reverse pro-
cess or autoionization will occur with rate kb = Aa. The only evidence of
anything's having happened will be some structure in the elastic scattering
cross section. If, however, the excited core electron (or the trapped Rydberg
electron) radiates before autoionization occurs, then one is left with a
Rydberg state of a once less charged ion -- DR will have occurred.

Because of the importance to fusion, astrophysical, and other hot plasmas,
there has been extensive theoretical work on DR (35-49), so much in fact that
complete literature citations are beyond the scope of this paper. The ex-
cellent review by Seaton and Storey (35) is a good place to start, though much
has been done since that time.

No measurements existed for DR until 1978 when breakthroughs by Rrooks et
al. (50) and Breton et al. (51) provided the first plasma rate measurements
for the process. Other measurements have since been made (52), and another
important new plasma method was introduced by Bitter et al. (53) in 1q82. The
breakthrough in 1982-1983 leading to colliding-beams cross section measure-
ments (31-34,54) has allowed more direct comparisons hetween theory and ex-
periment. In a nutshell, the results of the beams measurements can he sum-
marized with the statement that all give measured cross sections significantly
larger than theoretically predicted. The hypothesis has been made (42) that
there is in effect a "knob" on the reaction which can he turned to adjust the
size of the cross sections. The control spoken of is the extrinsic electric
field in the collision region. We emphasize here that this "knoh" adjusts the
actual reaction cross section, and not just some apparent or detected cross
section.

Before describing recent experiments to explore this seemingly bizarre
hypothesis, it is useful to consider some more details of the radiatively sta-
bilized collision process for the specific case of DR.

Rewriting Eq. (2) for DR in terms of cross section, we have

Aa(n,j)Ar(n,e)

ODR = M(2&+) Aa(n,t)+A (n,t) (11)
a r
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Now, generally Ar(n,#) is nearly constant with n and 9, while Aa(n,?),
varies as 1/n

3
. For "low" n's and t's, Aa >> Ar, where the inequality defines

what we mean by "low." Numbers may be Aa - 1014 s-1, Ar - 10 S-1. Under
these conditions, as already seen in Eq. (3), oDR(n,t) - Ar(nf). At high
enough n's, Aa = Ar, and beyond that, Ar > Aa, so aDR(n,0) Aa(n, - I/n.

Similarly, Aa(n,z) decreases rapidly with x (e.g. Aa- exp(-apx
2
), where a is

a constant). The total DR cross section it a sum over the resonances covering
the combinations of n and i. For a given (low to moderate) n, and for low 9,,
again Aa >, Ar SO GDR(n,x)-(21+1)Ar and for high Z, aDR(n,f)=(

2
t+1)exp(-a 2

).
This is visualized with the aid of Figure 4 which shows a hypothetical Ar and
Aa versus k for constant n as well as the resultant aDR(n,e) from Eq. (11).
Thus, though the number of resonances which could contrihute to R increases as

n-1 2

Y 2(2x+1) = 2n
2=0

only t's for % 4 tc will typically contribute.

10 A.

I0 Ioi

Gaa

\
\

JOD (NO)
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006
t

FIGURE 4
Schematic illustration showing variation of the autoionization rate Aa and the
radiative stabilization rate Ar as functions of t for fixed n (read log ordin-
ate scale on left). Solid curves are for no e mixing, dashed curves for small
amount of i mixing by fields or other mechanisms. Also shown are cross sec-
tions GDR [see Eq. (11)] resulting from the rates (read linear scale on right).
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While this is no limitation for small n's where Imax = n-1 < tc, already
for moderate n's all possible contributions from i's with k t 5 n-1 are
suppressed because of the strong decrease of Aa with t. This becomes even
more dramatic with high n's where the relation Aa - 1/n3 leads to a strong
decrease of the cutoff angular momentum tc and hence the DR cross section.

Thus, a plot of a versus n will appear as the solid curve in Fig. 5,
wnereas if all the t states at each n could contribute equally, there would
result a curve similar to the dashed curve in Fig. 5. The effect of the
electric field "knob" is to "tune" in or out the t resonances which contribute

,significantly t) the collision. One may visualize this crudely hy referring
again to Fig. 4. Introducing an electric field will mix states for 9 > 9c

.with states for t < x. with the result that the dashed curve for A* results.
Since ec is extended to t*, the states between ec and tc now add to the cross
section; and 0DR(n,x) results as depicted by the dashed curve in the figure.
In Fig. 5, a curve between the solid and dashed curves would result. Though
proper theoretical description must make use of Stark states, this qualitative
picture in terms of spherical states relays the general physical picture in
terms perhaps more familiar to most.

It has been recognized for some time that mixing of angular momentum states
by mechanisms such as collisions (55), plasma microfields (56), and magnetic
fields (57) may affect DR. More recently, in an effort to rationalize the
disparity between results of beams experiments and theoretical calculations,
the effects of extrinsic electric fields have been treated theoretically
(42,47,58,59).

Recently, experiments were carried out at JILA (60) to explore the
hypothesis that the cross section for DR can be varied by controlling the
electric field in the collision region. In the experiments cross sections
were measured as a function of electron energy for a fixed value of principal
quantum number of the final Rydberg atom, and these measurements were made for

2- -
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z /\

b /
/
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PRINCIPAL QUANTUM NUMBER, II

FIGURE 5
Illustration showing anticipated dependence of dielectronic recombination
cross section on the principal quantum number of the final Rydberg state.
Solid curve is for no i mixing; dashed curve is for full t state mixing.
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two values of electric field in the collision region. Also, at a fixed value
of electron energy, cross sections were measured as a function of principal
quantum number of the final Rydberg state, and these measurements were done
for three values of electric field in the collision region.

The experiments were performed for the process,

Mg +(3s) : Mg (3p,nf) + Mg (3s,nf) + hv (12)

with an arrangement schematically illustrated in Fig. 6. A beam of mass
selected 24Mg+ ions (2 keV, -300 nA) is crossed by a magnetically confined,
variable-energy beam of electrons (-25 uA, -0.5 eV energy width). Oielec-
tronic recombination processes occur in an electric field tc = IiA (y direc-
tion) which can be changed bj variation of the ion velocity vi or the magnetic
field B. With vi between 0.64 x 107 cm s

-1 
and 1.27 x 107 cm s-1 the doubly

excited Mg atoms formed by the capture of a free electron into a hound Rydberg
state, with simultaneous excitation of the ground state 3s-electron into 3p
states, can stabilize by the emission of a 3p-3s photon within a flight path
of less than 0.25 mm, thus completing the DR process. Rydberg atoms surviving
tPe field in the interaction region then enter a field ts which separates
Mg

+ 
ions from the neutral beam. The field plates extend from about 6 cm to 71

cm down beam from the collision region. The field ts in the separator is
parallel to tc, and considering an additional contribution from the fringe
magnetic field of the electron gun, Ec was kept to a maximum of about 40 V
cm

-1
, a field such that classically all atoms with n > 53 are field ionized.

Field ionization has been used in these measurements to distinguish between
Rydberg atoms in different quantum states. The field needed to ionize a given
quantum state depends generally on all its quantum numbers, not just n. How-
ever, in the experiment there is only the field E. to distinguish states.
Thus, we have adopted an operational definition and use the formula for the
classical saddle point

nf = (3.2 x 108/Ei)
1 4  

(13)

to label the Rydberg states detected at an electric field Ei (V cm-
1
).

The Rydberg atoms surviving the separation field ts are introduced into a
region with an electric field in the x-z plane given by ti 

= 
V/(RR)A, where a

voltage of ±V is applied to plates at an angle 2B with respect to each other
B=15

° 
in this experiment), R is the distance from the apex of the wedge, and

e is the cylindrical coordinate unit vector. (The wedge field is shown ro-
tated 900 about the z-axis in Fig. 6.) Because the field changes with z,

ATOMS. - . .....

FIGURE 6
Schematic of the crossed beams apparatus with wedge field Rydberg state
detector used for DR measurements.
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Rydberg atoms in different quantum states are field ionized at different
values of z, presenting the opportunity to selectively detect the electrons or
ions produced from different states. In one plate (the top in Fig. 6) about
72 cm down beam from the collision region, a 29 mm gridded square aperture is
cut, behind which is located a position-sensitive detector (multichannel
plates with resistive anode). This detects particles in a given range of nf,
as shown in the figure for electrons between nf = 44 and 48. Ry changing the
voltage on the plates and/or the angle, a large range of nf's can he detected.

By choosing the polarity of voltages on the plates, one can observe either
electrons or ions.

Proper measurements of beam current, signal counts, beam overlap factor,
and detector efficiency then allowed the determination of the cross section
o(nf). Variation of electron energy Ee for fixed V on the wedge field plates
gave unf(Ee) versus Ee with results shown in Fig. 7. Variation of the voltage
V on the wedge field plates for fixed Ee gave o(nf) vs. nf with results shown
in Fig. B.

These results clearly demonstrate the strong influence of extrinsic
electric fields on DR cross sections and on the final Rydberg state distri-
bution. The observed trends are in qualitative agreement with predictions of
LaGattuta and Hahn (42) and recent calculations of Griffin, Pindzola and
Bottcher (61); however, a direct comparison between experimental and theore-
tical results is complicated by the fact that the label nf used in the experi-
ment to identify Rydberg states is not the same as the principal quantum
number n. Further work must be done on this "mapping," but this is seen more
as a detail that will affect the shapes of the u(nf) vs. nf curves, hut not
the total cross sections.

As intriguing and interesting as this "knob" on the cross section is, it
has serious implications for future experiments to study DR, since a "dial"
must be included with the "knob," i.e. provision should be made to determine
what the extrinsic fields are. Similarly this behavior of DR must he thought

E 7 - nf 
3 3
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FIGURE 7
Cross section o(nf=33) versus electron energy for two different extrinsic
fields; solid circles, Ec = 23.5 V cm-

1
; open circles; Ec = 7.24 V cm-

1
.

Uncertainties are one statistical standard deviation. Arrow indicates
excitation threshold energy. From Ref. 60.
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4.0

E

703.0-"-
w 2.0_

Cross section times width AEe of electron energy distribution versus field
ionization quantum number nlf Esee Eq. (13)]. Solid circles, Ec = 23.*5 V cm-l,
open circles, Ec =7.24 V cm-

1
; triangles, Ec =3.62 V cm-

1
. uncertainties

are one statistical standard deviation. For of = 33 the relative uncertain-
ties are also indicated. Absolute uncertainties at nf =33 are within ln

From Ref. 60.

about aid dealt with in applications areas. For some cases the effects of
fields may be quite minimal. For example, Ar generally scales as Z

"
, so for

high z we may have Aa > Ar only for a few low n; and since for low n,
1
ilax < c there is no reservoir of states which electric fields can "turn

on.' Thus, depending on the specific circumstances of applications, the
field-effects issues may or may not he important, but need to be considered.

The earlier beams experiments on DR seem to be at least qualitatively
explained by the field effects. For the merged beams experiments at Oak Ridge
National Laboratory (33,62), the DR results may provide a measurement of aver-
age electric field in the 1 m long interaction region, since a hypothesized
field of 25 V/cm gives reasonable agreement between theory (5R,61)l incorpora-
ting fields and the experiments for most species studied. No independent
methods of determining the fields in the collision region are yet available.

Figure 9 shows results from the Oak Ridge experiments (5?) for the sodium-
like ion Ss+ compared to calculations with no fields (lower curve) and com-
plete Stark mixing (upper curve). The experimental points lie in the inter-
mediate area; and, as noted above, a theoretical curve (51) incorporating a
field of 25 V/cm passes quite nicely through the measurements.

In summary, for dielectronic recombination, we note that
o ) The gap between experiment and theory is closing; the process seems

reasonably well understood.
2) Extrinsic electric fields must be considered part of the collision

system, since they mix angular momenta leading to dramatic enhancement of hR
cross sections. Fields needed for such mixing are relatively small.

3) Though the >le of possible field enhancement needs to be looked at for
each applications case, the field enhancement of DR cross sections may not he
important for most highly charged ions.age elcti fil in the I m mmmmm~ m lon inrci on rein sic ypteie
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FIGURE 9
The OR rate versus Er for S5

+ 
from Ref. 62. Upper curve (full mixing) and

lower curve (no mixing) were calculated from cross seztions in Ref. 5R.

4) The theoretical work on plasma microfield enhancement and collisional
enhancement of DR cross sections needs to be taken seriously by workers in
applications areas. Experiments are needed to demonstrate and verify these
effects.

5) The roles of fine structure and other state interference effects need
more work; there are no good experimental observations so far.

6) There is a need for experiments on multiply charged ions where fields
are defined, measured, etc.

7) Experiments separating low-lying resonances (final Rydberg states) would
be valuable in testing the relationship between radiative and dielectronic
recombination and the presence of possible interference.

4. SUMMARY

Radiatively stabilized collisions are a unique class of collisions to which
relatively little attention has been devoted until quite recently. Yet, they
play critical roles in the behavior of plasmas in the coldest (interstellar
clouds) and hottest (stars, fusion plasmas), parts of the universe. Though
the past few years can boast much progress in understanding these processes,
much work remains in uncovering the intricacies of these ellegant and fragile
,ollisions.

The author emphasizes with gratitude the role of colleagues in the work at
JILA. The experiments on radiative association were supported hy the National
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Science Foundation and were done in collaboration with J. Luine, S. Barlow,
and M. Schauer. The recent work on field effects in dielectronic recombina-
tion was carried on with A. Mller, 0. Belie, B. DePaola, N. OjuriC, D.
Mueller, and C. Timmer, and was supported hy the Office of Fusion Energy,
U. S. Department of Energy.
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ANGLE- AND SPIN-RESOLVED PHOTOELECTRON SPECTROSCOPY WITH ATOMS AND MOLECULES

Ulrich HEINZMANN

Fakultat fur Physik, Universitat Bielefeld, 4800 Bielefeld 1, West Germany

1. INTRODUCTION

Up to 1984 experimental analysis of the electron-spin polarization (ESP)
in photoionization and photoemission using circularly polarized light (Fano
effect (1)) was restricted to angle-integrated measurements (2, 3) without
resolution of the kinetic energy of the photoelectrons ejected. With the
development of the new German dedicated electron storage ring for synchrotron
radiation BESSY in Berlin, ight source of circularly polarized vacuum ultra-
violet (vuv) radiation with tufficiently high intensity has become available,
making angle- and energy-resolved spin-polarization transfer studies from
circularly polarized radiation onto photoelectrons feasible. These measurements
have been performed with free atoms (4, 5), atoms adsorbed on solid sur-
faces (6) as well as with a solid state system (7) even in a photon energy
range , 10 eV, where conventional methods for producing circularly polarized
radiation break down because no transparent or even double refracting material
exists. These studies using circularly polarized radiation complement recent
photoelectron spectroscopy measurements with free randomly oriented (8) as
well as free oriented molecules (9). One of the reasons why these experiments
have been done is to find a set of parameters measured in the experiments
which characterize the photoemission process quantummechanically completely.
It builds a bridge from the atoms via the molecules via the adsorbates to
the three-dimensional crystal. It makes this cross comparison not only in
terms of intensities and polarizations but also by means of dipole matrix
elements and phase-shift differences of continuum-wave functions for single
channels, which are energy degenerate but have been isolated by the data-
combination of different non-redundant experiments.

The reaction plane of symmetry for an angle- and spin-resolved photo-
ionization process of an unpolarized atom or unoriented molecule using circu-
larly polarized radiation is shown in Fig. 1. Because the momentum of the
photon is negligibly small compared with the momentum of the photoelectron
(valid in nonrelativistic approximation for photon energies x 100 eV) there

is a forward-backward symmetry in tne reaction plane of Fig. 1. It also makes
no difference whether right handed circularly polarized radiation comes from
the left or left handed comes from the right. The rotational symmetry around
the direction of the photon momentum causes both ESP components perpendicular
to the photon spin to vanish for photoelectron emission angles 0 = 0, r/2, ii.
This is shown in Fig. 2, where the angle dependences of intensity I(e) and
spin polarization components are shown for a certain atomic photoionization
process (xenon), which has been simultaneously resolved with respect to all
relevant variables i.e.: radiation wavelength 80 nm, radiation polarization

, electron emission angle 0, electron kinetic energy corresponding to the

final ionic state Xe+ 2PI/2, the 3 components of the electron spin polarization

vector (6): P () perpendicular to the reaction plane, A(6) parallel to the
photon spin, P (6) peroendicular to the photon spin but in the reaction plane.

The curves in Fig. 2 are fits to the experimental points (4, 5) (the size
of a typical error-bar cross is given in the middle part) and are in accordance
with the theoretical predictions by Cherepkov (10) and Lee (11):
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FIGURE 1
Photoionization reaction plane in the case of circularly polarized radiation
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FIGURE 2Fit-curves of the experimental results (the size of a typical error-bar cross
is given in the middle part) describing the angular dependences of the photo-
electron intensity 1(0), of the 3 components and the length of the ESP vector
for photoionization of Xe atoms at 80 nm; the photoelectrons leave the ion
in the 2Pl, 2 state. (4, 5)



Angle- and Spin-Resolved Photoelectron Spectroscopy 39

I() = 12 independent on helicity

of light

P (6) = 2 sinO cose /1(6)

A(S) = t(A - ( cos 2e - + for o+ light

- for o light
Pp(6) = ±a sinO cosO /1(6)

. . A. a and the total photoionization-cross section Q are the so called
dynamical parameters of the photoionization process, which are energy dependenf
and which are one possible set for a complete quantummechanical character-
ization.

A(6) and P (6) vanish, if linearly polarized or unpolarized instead of

circularly poyarized radiation is used.(12, 13) All five curves in Fig. 2
show a reflection symmetry with respect to e = r/2, but P,(6) and p (6) with

changing sign. Thus, the polarizations of opposite sign cancel one another,
if the photoelectrons ejected are extracted by an electric field regardless
of their direction of emission. The only non-vanishing component of the spin
polarization in an angle-integrated measurement is A(6) which yields A as
the average value. This Fano-effect value A is identical with A(e) for the
so called magic angle S = 54', where the second Legendre polynomial vanishes.
To determine A in an angle-resolved experiment yields the advantage, that
it can be now also studied as function of the electron energies by use of
an electron spectrometer in the experiment, which was impossible in the former
original type of experiment to determine A angle integrated. It is also worth
noting that within the error limits the photoelectrons emitted into forward
direction e = 0 have been found (4) to be completely spin polarized (Fig. 2
middle part), which has been explicitly theoretically predicted for this final
ionic state one and a half decades ago. (14) Thi- '-mplete ESP in forward
direction parallel to the photon spin as well as e fact, that the electron
polarization is proportional to the degree of photon polarization if partly
polarized radiation is used, allows to characterize the process by the phrase
spin-polarization transfer" from spin polarized photons onto photoelectrons.

The bottom part of Fig. 2 demonstrates that the length of the ESP vector
never vanishes as function of the emission angle 6. This can be generalized
by the experimentally confirmed rule, that in an angular resolved photoemission
experiment on atoms, molecules, adsorbates or solids it is very common rather
than exceptional to get spin polarized photoelectrons.

2. EXPERIMENTAL TECHNIQUES

The main components of the two apparatus built at the new German electron
storage ring BESSY - one for the studies of atomic and molecular photo-
ionization (4) and one for photoemission experiments with solid surfaces (7)
and adsorbates (6) - are briefly discussed here. The synchrotron radiation
is dispersed by a 6.5 m N.I. UHV monochromator of the Gillieson type (15)
with the electron beam in the storage ring being the virtual entrance slit.
A spherical mirror and a plane holographic grating (1200 lines/mm) form a

: 1 image of the tangential point in the exit slit. With a slit width of
2 mm a bandwidth of 0.5 nm has been achieved. Apertures movable in vertical
direction are used to select radiation emitted above and below the storage
ring plane, which has positive or negative helicity, respectively. In the
plane, the synchrotron radiation is linearly polarized.
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The optical degrees of polarization of the synchrotron radiation have been
measured (4) by means of a rotatable four-mirror analyzer (16). Fig. 3 shows
the results for the circular polarization P rc and the linear polarization

Plin as functions of the vertical angle 1D (±O.l mrad). The solid lines which
represent the theoretical predictions according to Schwinger's theory show
excellent agreement with the experimental results demonstrating a complete
linear polarization and a vanishing circular polarization of radiation emitted
in the plane of the BESSY-storage ring. Under the conditions of radiation
accepted in the vertical angular range from 1 to 5 mrad out of the storage11 I 12 -l
ring plane, a photon flux of 10 to 10 photons s with a degree of circular
polarization P = 93 % passes the monochromator exit slit and hits the
phototarget. circ

The monochrimatized and in general elliptically polarized light produces
photoelectrons in a region free of electric or magnetic fields. As shown in
Fig. 4 the photoelectrons emitted in the reaction plane at an angle 6 are
energy analyzed in a simulated hemispherical electron spectrometer (17). which
is rotatable around the normal of the reaction plane. An electrostatic deflec-
tion by 900 directs the electron beam along the axis of rotation of the elec-
tron spectrometer. After a second deflection by 90' the electron beam is accel-
erated to 120 keV and scatterd at the gold foil of the Mott detector (18).
A(6) and P. (8) both being transverse components, are simultaneously determined
from the left-right scattering asymmetry measured by two pairs of detectors
as shown in Fig. 4. Instrumental asymmetries could be easily eliminated by
taking advantage of the reversal of light helicity and of the change of the
emission angle from 0 to -8 as well as by use of 4 additional detectors in
forward scattering directions in the Mott detector, not shown in Fig. 4.
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(120 key
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-4 -2 0 2 4
amrd) A -

MONOCHROMATOR
REACTIONEXIT SLIT P (01 PLANE

FIGURE 3 FIGURE 4
Degree of circular and linear polar- Schematic diagram of the apparatus,
ization Pcirc and Plin' respectively, built up at BESSY (4)

of vuv synchrotron radiation emitted
from the BESSY-storage ring plane
as function of the vertical angle
p (±0.1 mrad) (4)



Angle- and Spin-Resolved Photoelectron Spectroscopy 41

In the solid state apparatus, the sample is cleaned by ion bombardment,

heating in oxygen, and flashing; it is characterized by low energy electron

diffraction (LEED) and scanning Auger electron spectroscopy in a separate
preparation chamber. The crystal on top of a three-axc. manipulator movable

between preparation and photoemission chamber, can be cooled by use of a
temperature-controlled liquid He-Cryostat to temperatures of less than 40 K.
The adsorbate is introduced via a doser nozzle which kept the background press-

ure below 10
-9 

mbar (base pressure 5 - 10
-
1 mbar), allowing the continuous

monitoring of the photoelectron spectra and LEED pattern as function of cover-

age. The photoelectrons emitted into a cone ±30 are energy analyzed at a resol-

ution of 90 nieV FWHM.

3. ATOMIC PHOTOIONIZATION

All photoelectron spin polarization effects in atoms arise due to the
existence of the spin-orbit interaction. Because of that the i and m Y quantum

numbers are no longer good and thus the "spin momentum transfer" is no longer
performed from the photon spin to the orbital angular momentum Z and m. but
to the total angular momentum j and m of which the photoelectron spin is

a part. Discussing this influence of ihe spin-orbit interaction quantitatively,
however, one has to distinguish between two cases:

1. Photoionization of atoms, where the discrete atomic or ionic states
involved show a fine structure splitting induced by the spin-orbit
coupling.

2. Photoionization of an atomic s-subshell, where neither the ground-state
nor the final ionic state shows a splitting.

Case 1, the more general one, is fulfilled for photoionization of rare
gas atoms. Two peaks in the photoelectron spectrum correspond with the ionic
states 

2
P2 and 

2
P 3/2 split by the existence of the spin-orbit interaction.

Both peaks in the spectrum yield spin-polarized photoelectrons but with a
spin-polarization degree of opposite sign. in otner words, in case the
spin-orbit interaction is not resolved by use of an appropriate electron spec-
trometer, the polarizations of opposite sign for both unresolved peaks would
almost cancel one another. A quantitative example is shown in Fig. 5 as the
wavelength dependences of the dynamical spin parameters a and A for photo-
ionization of xenon. The agreement of the experimental data (error bars (4))
with the theoretical predictions (RRPA solid curves (19). RPAE dashed curve
(20)) is good.

One needs the spin-orbit interaction and the fine-structure splitting in
order to get polarized photoelectrons. It is, however, worth noting that the
magnitude of the ESP in both peaks does not depend on whether the spin-orbit

interaction is strong or weak. While the fine-structure splitting in Xe
+ 

is

seven times larger than in Ar the magnitudes of the polarizations given
by height and shape of the wavelength dependence of the dynamical spin para-
meters are nearly the same for Ar, Kr and Xe. (2, 12, 16)

Case 2 is fulfilled in the photoionization of mercury atoms for example:

Hg 6s
2 

(IS) --. Hg 6s (
2
S1/2 )Fp {

3 P 1
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FIGURE 5
Experimental results of the spin parameters a and A (4), upper and lower part,
respectively, as functions of the radiat'on wavelength for photoelectrons

leaving the xenon ion in the 2P,/ and 2PI/2 final states in comparison with

theoretical predictions: RRPA (i91, solid curve; and RPAE (20), dashed curve
(RRPA = relativistic random phase approximation, RPAE = RPA with exchange).

The photoionization transitions into the two energy-degenerate continuum final

states and 3 are described by the singlet and triplet amplitudes D and

DT' respectively, as well as by the difference of the continuum-phase shifts
-6- : t .... - , Uansitin =mnliLK. A' phases, the dynamical para-

meters read (11, 21, 22):

4 2 c 2 23 0 S a m ~ + T )

2D2D2

D S + 0 T
3v2 DSDTsin(6S-6T)

4(D2+D )

DT-2 sDTCOS T)

2(DS +D)

_ _ TDsDTcos(6S-6T")

S T
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It is remarkable that the asymmetry parameter 6 depends incoherently upon

the matrix elements with the consequence that neglecting the spin-orbit inter-

action (DT 0 0) the "parity-favored" transition DS yields 6 = 2. rhe spin

parameter F is given by a single interference term containing the sine of

the phase-shift difference. It is worth noting that all 3 spin-parameters

t, A, a which are a measure for the 3 components of the spin-polarization
vector are proportional to the "parity-unfavored" matrix element DT' This

means, that in this case the magnitude of the electron polarization is a
measure of the strength of the spin-orbit interaction, which influences
the photoionization process here in the final continuum state without a fine-
structure splitting. Neglecting the spin-orbit coupling, all three spin para-

meters must vanish. These effects have been studied in detail for mercury
(23 - 28). The experimental results of all 5 dynamical parameters allow to
determine the matrix elements DS and DT as well as the phase-shift difference
6
S-6T separately (27).
A strong enhancement of the influence of the spin-orbit interaction and

thus a pronounced ESP has been seen in resonance regions, where effects of

configuration interaction, channel mixing and many-electron correlations play
an important role. Fig. 6 gives an example for the photoionization of xenon

in the autoionization region between the 2P3/2 and 2p 1/2 thresholds with

respect to the total photoionization cross section Q (9), the asymmetry para-
meter 3 (30), the spin parameters A, and a (5), respectively. All five
dynamical parameters show a pronounced variation as function of the wavelength.
Earlier results for the spin parameter A (16) (dotted curve) employing a method
which yields the ESP of the angle-integrated flux are also given and show
good agreement with the data obtained angular resolved. For comparison the
results of an RRPA calculation (31) and a semiempirical MQDT-analysis*(ll),
convoluted with the experimental bandwidth, are shown as full and dashed
curves, respectively. The wavelength dependences of the spin parameters
measured are in reasonable agreement wit both theories.

The combination of the data given in Figs. 5 or 6 allows to determine all
matrix elements as well as all phase-shift differences of the continuum wave-
functions separately. The procedure of this uses formulae (16) similar to
those of mercury mentioned above which are, however, more complicated than
in the 6s photoionization of mercury because 5 instead of 2 channels are open:

Xe 5p
6 

(
1 
S) .- Xe

+ 
5p

5 
(2P11 2, 2P 32)

+e (cs112, 'd3 /2, cd5 /2 )

The influence of the relativistic effects clearly shows up in the matrix
elements for transitions into the partial energy-degenerate continua. The
phase-shift difference between d5/ 2 and d,3/2 continuum states, for example,

is significantly different from zero. The importance of relativistic and corre-
lation effects, however, can be visualized in a more conveniant way by appli-
cation of the angular momentum transfer formalism (32, 33). The continuum
states are classified by the angular momentum of the photon and the orbital+2
angular momentum of the photoelectron. In the case of the Xe P3/2 final
ionic state, there are two "parity-favored" transitions with t = into s-

and d-continua and one "parity-unfavored" transition with t = 2 into a d-
continuum (21). "Parity-unfavored" contributions to the photoionization process
are caused by anisotropic interactions in the photoelec'ron emission.

*MQDT = Multichannel quantum defect theory.
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FIGURE 6
Photoionization cross section Q (29), asymmetry parameter 3 (30) and spin-po-
larization parameter (5, 16) in the autoionization range of xenon. The band-widths used are shown as horizontal error bars. Theoretical values for a, A andF. are represented by the full (RRPA (31)) and dashed (semiempirical (11)) curves

Some selected results (34) are shown in Figs. 7 and 8. Fig. 7 shows the tran-
sitions amplitude S2 for the parity unfavored d-channel t = 2 together ,
the phase-shift difference between the matrix elements for the d (t = 2) tran-
sition and the s (t = 1) transition after elimination of the coulomb-phase-
shift. The parity-unfavored transition reaches up to 50 % of the values of
the two parity-favored amplitudes which shows the importance of anisotropic
interactions in the photoionization investigated. it is interesting to note
that the enhancement of the matrix element at about 17 eV only appears in
the parity-unfavored channel. All parity-favored matrix elements monotonically
decrease with increasing photon energy above the 2 photoionization thresholds
(dashed vertical line: in Fig. 7).



Angle- and Spin-Resolved Photoelectron Spectroscopy 45

S
6

3 I
2-

I - , , f , 25 . e 2 3/ 2 0

II - t

1 '2 E

I0 99 96 97 M
WAVELENGTH I nm

FIGURE 7 FIGURE 8
Parity-unfavored 5p-cd transition of Parity-favored (S and unfavored (S2)
Xe; upper part: reduced dipole 5p-cd transition of Xe and the corre-
matrix element; lower part: phase sponding phase shifts (n1 and n

shift of the unfavored d-transition respectively) with reference to the
with reference to the phase of the phase of the favored 5p-cs transition
favored 5p-cs transition (34) (n3 ) in the autoionization range between

the two thresholds shown in Fig. 7 (34)

Fig. 8 shows the corresponding results but obtained in the autoionization
range (between the thresholds shown in Fig. 7) by use of the experimental
data of Fig. 6. S1 the parity-favored d-matrix element follows the energy

dependence of the photoionization-cross section showing the pronounced d-
resonance structure of the autoionization, while the resonance character of

the parity-unfavored d-matrix element S is less dominant. On the other hand
it is vice versa in the corresponding pfases, where the phase-shift difference

T12-r of the unfavored d-matrix and the favored s-matrix element shows a more
pronounced enhancement than in the case of the pure "favored" d-s phase shift
difference nl-" 3 . It is worth noting that the enhancement shown in the bottom

of Fig. 8 is close to the here not completely resolved narrow s-autoionization
resonance seen in the cross section in Fig. 6. This indicates the importance
of interchannel interactions in the autoionization region of xenon.
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FIGURE 9
Angular dependence of the spin-polarization component A(8) in the Hg 5d photo-
ionization (35)

A similar case as for xenon is given for the Hg 5d photolonization. The
photoelectron spectrum shows a fine-structure splitting corresponding to the

ionic states 2D3/2 and 2D5/2. Fig. 9 demonstrates the angular dependence of

A(6) for a wavelength of 50 nm and the 2D final ionic state (35): the solid3/2
curve in Fig. 9 is the least squares fit of the experimental values yielding
A and o. The energy dependences of A = A(Om) and a are given for both ionic

states 2D5/2 (closed circles) and /D3/2 (open circles) (35) in Figs. 10 and

11, respectively. The RRPA calculations (36) (solid curves) which include
correlations between 5d and 6s (8 channels) and uses experimental thresholds
(vertical dashed lines) are in reasonable agreement with experiment. The
RPAE-curve (dashed) was calculated from non-relativistic matrix elements and
phase shifts (35, 37) and is shifted by 2.6 eV to fit the experimental
threshold.
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FIGURE 10
Energy d.!endence of the spin parameter A (A~e) at the magic angle )
in the Hg 5d photoionization; experimental results (35) in comparison
with theories (solid (36), dashed (37))
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As Fig. 10 but the spin parameter a
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4. NOLECULAR PHOTOIONIZATION hi[TH SPIN ANALYSIS

In molecular photoionization one has to take into account that the intra-

molecular Coulomb inLeractlon is usually much stronger than the spin-orbit

interaction. Therefore, it was believed over a period of several years that
an ESP cannot occur !n the photoionization of a randomly oriented molecular
beam if one assumes the intramolecular axis as quantization axis the spin-
polarization vector follows. But nevertheless, pronounced ESP effects have
been found (8) in the photoionization of randomly oriented halogen molecules
by unpolarized radiation. Both cases discussed for atoms exist for molecular
photoronization, too. Fig. 12 shows in the lower part the spin arameter - for

photoelect)-ons leaving Br+ (squares) and 12 (circles) in their I ionic
stute. where ni ther the ground neutral nor the final loi ic utate has any
fine-stricture splitting. The spin polarizatiun, which occurs close to the
photon energy where the cross section (Fig. 12 upper part) strongly decreases,
is analogous to the well known Fano effect (1) in s-subshell ionization of
alkali atoms. There the dynamical spin parameters are direct measure for the
Pvic'ence of the spin-orbit interaction in the continuous spectrum.

loni'ing a --orbital of halogens yields photoelectron spectra, which show

a upin-orbit fine-structure splitting corresponding to the ionic total angular

riomentum 3<2 and I'2 as in the rare-gas analogon. The behavior of spin polwr-
'a' tionrs and photoelectron intens:ties for the outermost orbitals of Br,
i?' CH 3Br' and CH3 1 is the most striking example studied in atomic and (

o leclar photoionization with respct to the fact that photoelectron intensity

J6 u follow a certain theoretical p'-diction (38) - in our case fhe non-
.iai,.'stic model neglecting the the spin-orbit interaction

,,, C he oleclar continuum states - whereas spin polarizaticns do not.
F, . 3 su'ixarizes all experimental ratios of the spin parameter I,, the
asvmmetry para"'eter (8) and the partial cross section 0 (39) for the spin-

i;Br;2 E,

20

(Mb)
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0

C 2

0 1

0 0__

-0 1
10 14 18 22
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FIGURE 12

- -- 'al resits of the spin parameter - for photoelectrons leaving Br
+

2.+
a- d 1 (circles) - their I stat.is (8) in comparison with the

P g
s-.. ing oar' ipal cross sections 0 (39) (Br 2 dashed, I sol id). The

. ndtrcate th, ad iabatic i onizatIon thresholds
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FIGURE 13
Cn, -ar so'i of the ratios of the sp;in parameter , asymmetry parameter c (RI
and parnlal photoionization cross section 0 (39) (for 12 only) with the non-

relativystic pri-dictions (38) (chain lines) for photoelectrons from i the outer-
most orbitals of Br2 , 12 CH 3 Br, and CH31 (squares, circles, triangles, and

diuronds. respectively). The results correspond to photon energies of 16.85
ind 21.22 eV

orbit components of these lone-pair orbitals. In all cases the ratio of I
agrecs with the theoretical prediction of +1 and the branching ratio 0312,01 2

(for *2 only) is also identicdl to the statistical value over the energy range

otside the threshold region. In contrast to this behavior of the differential
cross section, the ratios of the spin parameters show a significant systematic
r,.'v. i ,j ton. I';hi le , 31 / 2 ,1  is close to -1 for CH3Br (triangles) and not far

from -1 for Br2 (squares), it is zero for 12 (circles), and tends to -2 for

CH3 1 (diamonds). In contrast to the cross sections, the spin polarizations

are very sensitive to any phase shift of the continuum-wave functions induced
by the spin--orbit interaction. This, however, is stronger for heavier atoms
in molecules than for lighter.
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5. ANGLE-RESOLVED P iOTOELECTRON SPECTROSCOPY WITH A FREE ORIENTED MOLECULE

An experiment of angular-resolved photoelectron spectroscopy of free orien-
ted CH3 1 molecules has been performed for the first time very recently (9).

As indicated in the schematic diagram of the apparatus used shown in Fig. 14
CH31 molecules in a supersonic beam have been oriented with respect to the
molecular axis parallel to an external field by use of an electric hexapole
in a "Stern-Gerlach" type analogous experiment. The oriented molecules have

to be brought from a region of high electric fields (105 V/cm in the hexapole)
to very weak fields (0.3 V/cm) in order to study the photoelectron emission
angular and energy resolved. To avoid deorientation this has been performed
by means of a buffer field and a guiding field of slow decrease of the local

electric field (9). The photoelectrons ejected by vuv radiation from the lone-
pair orbital at the iodine atom show a pronounced asymmetry in intensities
depending on whether they are emitted parallel or antiparallel to the intra-
molecular axis. If the methyl group is directed toward the electron spectro-

meter, a photoelectron current I+ is detected, if the iodine atom is directed,

a current I as shown in Fig. 15. Fig. 16 shows the asymme'ries I-/;+ measured
for both spin-orbit components in the photoelectron spectrum and for two vuv
photon energies (Nel and Hel light) as function of the focussing voltage in
the hexapole (9). The hights of the full points with error bars are roughly
proportional to the degree of molecular orientation which has been estimated
to be batween 0.24 and 0.40. Comparing this degree of orientation with the
asymmetry ratios found, the forward/backward photoelectron-emission asymmetry
parallel to the molecular axis must be a pronounced effect for a complete
orientation of the molecules.

=VUv
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ELECTRON I
SPECTR0METER H H

-C .. CNELTRON - )H
- .- -'" • SUPERSONIC

B " BEAM SOURCE SPECTROMETER

AUXILIARY GUIDING FIELDPLTSO TH
NOZZL BUFFER'- . PLATESOF THE

FIELD ELECTROSTATIC GUIDING FIELD
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FIGURE 14 FIGURE 15
%chemdt1C diagram of the apparatus Sche ;tic diagram of the molecular
Lt study the photoionization of orientation in reference with the
free oriented molecules (9) direction of observation, to define

I
+

and I (9)
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FIGURE 16
Experimental results of the intensity asymmetry of photoelectrons emitted
angular resolved parallel or antiparallel to the molecular axis of a free
oriented CH 31 molecule (full points with error bars). The open points and

the dashed areas represent the corresponding results with a randomly orien-
ted molecular beam showing the apparatus-related asymmetries. (9)

6. PHOTOEMISSION FROM ATOMS ADSORBED ON SOLID SURFACES

Using circularly polarized synchrotron radiation at BESSY spin polarized
photoemission from the valence orbitals of Xe and Kr atoms physisorbed on
the Pt(lll) single-crystal surface has been studied for normal light incidence
and nordmal (angula, resolved) emission. Two spin-resolved photoemission spectra
(6) are shown in Fig. 17 for Kr and Xe monolayers adsorbed on Pt(lll). The
peak at lowest binding energy (1) has nearly complete negative spin polar-
ization and corresponds to the P3121m - 3/2 hole state of the rare gas atoms,

whereas peaks 2 and 3 are highly posiive polarized (jm = 1/12). These polar-
ization values quantitatively correspond to the experimental results in the
gas phase (Fig. 2 middle part, 03 0) except that for free atoms there is
no energetic splitting of the m substates. These spin-polarization results

confirm experimentally the peak assignment proposed in the literature (40)
as shown in Fig. 17 including that the m splitting is caused by lateral Xe-Xe
interactions.

Fig. 18 gives two examples of spin-polarization data obtained for the
different peaks in Fig. 17 plotted as function of the photon energy for an
nrcorirensurate hcp and a commensurate /3 layer of Xe. The polarization shows

;, iu'nred resonance structures which partly correspond with structures of
i h,, hoi l ) d i](fr)n intensities measured and shown in the upper part of Fig, 18.
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FIGURE 17
Spin-resolved photoelectron spectra of Kr and Xe monolayers at full coverage
on Pt(lli) in norvmal photoemission. Upper part, intensities scattered into
two counters of the Mott detector as full and open circles. Lower part,

photoelectron--spin polarization obtained from the count rates in the upper
part, normalized to a complete circular photon polarization (6)
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.. d --,cosc ec in more detail elsewhere (6, 41), may

t::0 o;,, IC eoecto like autionization resonances (the spin nara-

" 
" 

-,nr atms rmeasured in comparison with theoretical cures

io'n-ros section are shown in Fig. 6) or Cooper minima
S ypca srf effects like electron diffraction patterns or reor-

r, , J , rface barrier. It is worth noting that aneular es,1e
, from .he clean substrate Pt(ll) yields polarized photoalectro'.u

or,.cni ly !t ,di ?d it BESSI using, circularly polarized ssnchcotron radat Inn
, In ); 'rje- pn' rligh degtees of polarization one has, as shot 'n

0. 19 pper pr, t resolvn the tine-structure splitting in the photoelec-
'rr 'ct ra,' as in 'no atomic photoioni:'ation discussed. Peak oe and two
[ "P (If ) ipn corres,ponding to optical tra-i itiors ro, 'le

vmmetries. Thus, the ESP results allowed to perform a
"cOr iad mapping of tue electronic structure. Fig. 9 , o

t ri, 1',P -,t.t ,g 'y depends upon the temperature of tho cr'y \ toi J-t to

. t lstci) background effects (42). Although o ,'
t, I / i'.lrjrjen in 'he photomin siorn of a nonmai net c so

1 
, a , '1ta l,1

id, s t-ate propert e s tS OUt of the icipe oi this ti,

ufIII IIolh II (4) .
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FIGURE 19
Photoelectron spectroscopy of Pt(lll) using circularly polarized radiation
in normal incidence and normal photoemission (42); Upper part: photoelectron
spectrum, energy with respect to the Fermi energy; Lower part: dependences
of the ESP upon the crystal temperature for the first two peaks

7 -LOOK AND ACKNOWLEDGEMENT

It is the purpose of the angle- and spin-resolved photoelectron spectroscopy
to find a set of non-redundant experimental data which characterize the photo-
effect quantummechanically completely. This has been shown for atoms success-
fully. To build a quantitative bridge from the free atoms, via the free
randomly oriented molecules, via the atoms adsorbed and the free oriented
molecules up to the three dimensional crystal will be the main topic of the
angle- and spin-resolved photoemission studies in the future. Thus atomic
physics can become an applied method to study and to understand more compli-
cated systems like condensed matter. There is no doubt, that correlation
effects studied in details for atoms play an important role there, too.
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Alignment and orientation of atoms in collision experiments with planar
symmetry have now been studied for about 15 years and close to 500 papers
have been produced, mainly devoted to S+P excitation. Despite the large
variety of electron-atom, ion-atom and atom-atom collision systems consi-
dered, a unified framework for description of these phenomena is now emer-
giny. This framework is a generalization of the original ideas of Macek
and Jaecks and is based on consideration of symmetries, conservation laws,
etc. The key parameters are directly related to the shape and dynamics of
the charge cloud of the excited electron as well as to experimental observ-
ables. A brief review is given of this framework, and some current pro-
blems and prospects foc the future are discussed.

1. INTRODUCTION

The field of alignment and orientation in atomic collisions is devoted to
the study of the shape and dynamics of the electronic charge clouds excited in
a collision process. Obviously this kind of information, most effectively oh-
tained from experiments with planar symmetry, provides a much more severe test
of our understanding of the excitation mechanisms than determination of, say,
a probability or a cross section for excitation. As will be detailed below,
in favorable cases a complete determination of the quantum-mechanical state of
the system may be obtained, thereby providing a so-called "perfect scattering
experiment," the most fundamental level at which experiment and theory can be
compared. The shape and dynamics are expressible in dimensionless parameters
based on relative measurements, thereby eliminating the otherwise often ser-
ious problem of accurate determination of absolute units. Furthermore, they
may be very sensitive to details in the theoretical description in cases where
the cross sections show only minor variations.

At previous ICPEAC's several symposia (1,2) review papers (3,4) and pro-
gress reports (5), and a large number of contributed papers have dealt with
various particular aspects of this field. The Data Center of the Joint Insti-
tute for Laboratory Astrophysics is currently undertaking a critical review of
tnis whole flourishing field, restricted to excitation of outer shells of
atoms in planar scattering experiments using unpolarized beams. During this
review several parallel lines of thought within the otherwise traditionally
separated fields of electron-atom and atom-atom collisions became evident. In
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Copenhagen, and Institute of Physics, University of Aarhus, DK-800 Acrhus,
Denmark.
tPermanent address: Institut fOr MolekblIphysik, Fachbereich Physik, Freie
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particular a unified framework, or language for description of these phenom-
ena, is developing though several "local dialects" still exist and probably
will persist, partly due to differences in nature of the underlying physics

for specific problems. Below we shall first try to summarize this framework,
mainly concentrating on S-P excitation to which about 95% of the literature is
devoted. Then some selected current problems will be discussed within this
framework and conclusions drawn concerning areas wher, future efforts might be
most fruitfully concentrated. The discussion will be restricted to excitation
of states decaying by photon emission, though most of the ideas can be easily
modified to include electron emission as well, cf. Niehaus (6).

2. FRAMEWORK

2.1. Coordinate frames, basis functions, symmetries and time scales
In an experiment, the collision plane is determined by e.g. the two direc-

tions of incoming and outgoing particles, thereby fixing the scattering angle.
Excitation processes corresponding to this scattering angle are then studied
by analysis of either the polarization properties or the angular distribution
of the secondary photons emitted when the excited state decays, detected in
coincidence with the scattered particle, or, in time reversed experiments,
analysis of the scattered particles as function of the polarization properties
of the laser light used to prepare the target atoms prior to the collision.
These procedures are detailed in recent reviews (7-9), so we shall just brief-
ly outline the principles here.

Since the symmetry properties of the force(s) determining the excitation
and time evolution of the charge cloud will be seen to play an essential role,
we shall recall the symmetry properties of the three eigenstates corresponding
to a P-level, neglecting at first the effect of fine and hyperfine structure,
which will be included later. The upper panel of Fig. I shows the an ular
parts of the charge clouds for the so-called "atomic physics basis" Ip+l),
IP-1), 1po)), with IPM) labefled according to the magnetic quantum number M.
Here we quantize along the axis perpendicular to the collision plane since
this choice simplifies the subsequent mathematical description considerably.
The lower panel of Fig. I shows the alternative "molecular physics basis" cor-
responding to real-valued wave functions (IPx), sPy), IPz)), describing p-
orbitals along the three coordinate axes. The state p) 

= 
Pz) has negative

reflection symmetry with respect to this plane, while the other ones have
positive reflection symmetry.

Notation for circularly polarized light varies in the literature. We here
use the definition of classical optics (10), which uses the term left hand-
circularly (LHC) polarized light, if the electric vector is een to rotate
counter-clockwise when looking toward the light source, i.e. LHC-photons have
positive helicity. Referring to Fig. 1, decay of the state lp+i) will thus
lead to emission of LHC-photons in the +z (RHC-photons in the -z) direction.

At this point it is useful to recall some important time scales:
(i) 

T
c, the collision time, during which the excitation takes place; tc ~

a/v, where a is a characteristic interaction length and v the collision
velocity.

(ii) rfs, the characteristic time for the fine structure; Tfs - I/Wfs,

where nwfs is the fine structure splitting.
(iii) Thfs, the characteristic time for the hyperfine structure; Thfs

i/whfs where hwhfS is the hyperfine structure splitting.
(iv) That, the (natural) lifetime; T - I/A, where A is the decay

probability.
(v) lobs, the observation time for an atom in the actual experimental

setup.
Each specific situation requires consideration of these magnitudes. An

atom that is initially in an S state has positive reflection symmetry.
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FIGURE 1

The total wave function describing the collision event conserves its reflec-
tion symmetry with respect to the scattering plane. Often fine and hyperfine
forces are so weak, they can be neglected during the collision so that the
excitation is caused by Coulomb interaction only. In the simple case where
the collision partner acts as a spinless, structureless particle, this implies
that the (spatial part of the) wave function of the atom that is excited pre-
servps its -eflection symmetry during the collision. Thus excitation to a P-
level can only take place to two of the three states of Fig. 1: "Out-of-plane"
excitation of 1p0) is forbidden.

After the collision the isolated, excited atom may develop further under
the influence of the fine structure (and possibly hyperfine structure) force,
which does not conserve reflection symmetry of the spatial part of the wave
function, thereby allowing the charge cloud to change shape in time until the
decay takes place. We shall treat these two regimes -- excitation and time
development -- separately, and see how it is possible to reconstruct the
nascent charge cloud, the object of interest to collision physics, from the
actual observed radiation pattern and a knowledge of Tfs, Thfs, rnat and
Tobs.

2.2. S.P excitation
2.2.1. The simplest case: Full coherence -- the Poincart sphere
We shall first analyze the properties of the radiation pattern in the

simplest case in which the excited P-level of the atom can be described by a
state vector, i.e. its coordinates (a+1, a.i, ao) in the basis of Fig. 1.
Reflection symmetry conservation implies ao = 0. This situation may he en-
countered in, e.g., electron impact excitation of a He(n1P) level.

Figure 2(a) shows an example of the angular part of the P-state electron
density. Three coordinate frames are shown: (i) the collision frame (xc,yc,
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zc) with zc in the direction in of the incident particles, (xc,zc) is the

collision plane, and yc is parallel to in x rout 9col is the scattering
angle; (ii) the natural frame (xn,yn,zn) with xn=zc, yn=xc, zn=yc; finally,
another convenient frame (iii) is the atomic frame (xa,ya,za) obtained from
the natural frame by rotation through an angle y around zn = za so that xa

parallels the major symmetry axis of the charge cloud, which is also a sym-
metry axis for the radiation pattern. Assuming normalization, a21 + a

2
1  1,

then, apart from an arbitrary common phase factor, the wave function is com-

pletely characterized by the two parameters (y,LI), where y is the alignment
angle and Li = a21 - a21 is the angular momentum, pointing along zn. In the
atomic frame the wave function takes the simple form

l) a
= 2 1/2 [(l+t 1 ) 

1 2 1p 'l)a - (-L)i/ 2
1 l)a] ( )
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Using polar coordinates (6,f) in the natural frame, the angular part T of the
charge cloud may be written as (omitting a 3/4T normalization factor)

T(8,f) =-! [I+P cos 2( -y)]sin 2e (2)

Figure 2(b) shows a cut through the charge cloud in the collision plane, given
by

w(. ,7 ) = 1 [1 + Pkcos 2(p-y)] (3)

P, the linear polarization, is thus a width parameter, with (I+Pz)/2 and
(i-Pk)/2 determining the major and minor axes of the charge cloud in the
collision plane.

The angular correlation pattern of the photons emitted from the excited
atoms and detected in the collision plane is given by (7 = /2)

I() 1 - P, cos 2( -y) (4)

This pattern, Fig. 2(c), is thus identical to the shape of the charge cloud,
Eq. (3) and Fig. 2(b), rotated by 90° , as expected from the properties of
electric dipole radiation.

Alternatively - e may measure the polarization ellipse observed in the
+zn direction with a linear and circular polarizer, Fig. 2(d), or equiva-
lently, the three Stokes parameters (PI,P 2,P3) defined by

I.P1  = 1(0
°
) - 1(90

o
)

I.P2  = 1(45-) - 1(135-)

I-P3 = I(RHC) - 1(LHC)

where I is the total light intensity in the zn direction, and [(9) is the
light transmitted through an ideal linear polarizer tilted at an angle 9 with
respect to xn [sometimes one may find the alternative notation (nl,n2,n3)
(P2 ,-P3,P 1)]. Evidently

r = (PI,P2,P 3 ) = (P cos2y, P sin2y, -L1 ) (5)

with the linear polarization Pe =(Pj2+P 22)1/2 being invariant under rotation
around zn. Furthermore, the light emitted is fully coherent, such that the
degree of polarization

P = =PI P22+P32)1 1 2 = (P 2+ L 2 )/2 (6)

in this case is unity, and PZ thus fully determined from LI.
The Stokes vector (P4 ,Ps,P6 ) measured in the yn direction is (1,0,0) and

adds no further information in this case.
A correlation experiment, Fig. 2(c), determines (y,Pz) while a coherence

experiment, Fig. 2(d), determines (y,L1 ). Thus, here, a coherence experiment
is a "perfect scattering experiment" in the sense discussed in the introduc-
tion, while a correlation experiment only determines Pt, leaving the sign of
Li undetermined. The parameters used in Fig. 2 are y= 3 5 ', L1 =0.8 and PZ=0.6.

For later generalization we also state the density matrix Omn = aman in the
natural frame (tr p=l)P11:i I :- In 

- 0 P Pl 
+iP2J

n n
n0 >0 ; = 0 0 (7)

_1 1 0 P - -n i -P i P 2 0 + P 3
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(P P2 I P3)

FIGURE 3

A succint way of summarizing this situation is bX introducing the Poincare
sphere (1i), making use of the fact that the point P 

= 
(PI,P 2 ,P3) is located

on a unit sphere, cf. Eq. (6). Figure 3 illustrates the polarization ellipse
corresponding to various points on the sphere, with H=(1,0,O) corresponding

to IPx) or horizontal linear polarization in Fig. 2(d), V=(-l,O 0) correspond-
ing to Py) or vertical linear polarization, the north pole to TP-i), and the

south pole to Ip+i). Two opposite points on the sphere correspond to ortho-
gonal states. In this language, a coherence experiment determines a point on
the Poincars sphere, while a correlation experiment only determines its pro-
jection on the equatorial plane, P1+iP2 = Pk.e21Y = -2.D211.

2.2.2. Loss of full coherence
Where several processes which are in principle distinguishable contribute,

the excitation may no longer be coherent. For instance, in the low energy
electron impact excitation of a H(n

2
P) level, exchange effects lead to dif-

ferent amplitudes for singlet and triplet scattering, and if no spin analysis
is performed before or after the collision the corresponding density matrix
elements have to be added incoherently. This situation can no longer he re-
presented by a wave function. Positive reflection symmetry is still conserv-

ed. The light emitted in the +zn direction is no longer fully coherent so
that P<I. All Eqs. (2)-(7) remain valid. However, Pk and L1 =-P3 are now in-
dependent parameters. Thus, in this case three parameters are needed to spec-
ify the situation completely, namely (y,L1 ,P--9 A correlation experiment only
determines shape (PE) and alignment angle -y, but gives no information about
dynamics (L1 ), while coherence analysis still provides complete information.

2.2.3. The general case
In the general case the assumption for the atomic wave function of positive

reflection symmetry only cannot be maintained. This may happen, for example,

in electron impact excitation of P levels of the heavy rare gases for which
spin-orbit effects are so strong that they play a role durgthe collision

(Tfs~Tc), at least at low energies. Equation (7) must then e replaced bySn 1 0 n -P3  0 -PI+iP 2  0 0
1 n -1 11 .( _n,) _ nl

0 O0 0 21P0 0 0 0 0 o 0  1 0

l 0 P-n -P-iP2 0 I+P3 0 0 0

(8)
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Equation (8) shows the decomposition of the density matrix into two parts, one
having positive and one negative reflection symmetry. While En. (5) still
holds, Eq. (2) is replaced by

T(6,fl = (
1-poo) I [I+P,.cos 2( -y)1.sin

2
0 + Poo.cOS

23 (9)

Poo is thus a hei ghtpaater, the determinat-on of which requires ohserva-tion from a diretiondiffeet from z". Here and below we abbreviate
poo = P = p~o. Within the positive reflection symmetry we define explic-
itly P+ (P 2+P2

2 )l/2 , Lj+ = -P3 and P+ (p12P 2
2+p32)l/

2= (P2P3+LI) /2.
In the yn direction the Stokes parameters are now (P4,0,0) with P4<. Then

(1+P1 )(1-P4 )
00 = 4-(1-P 1 )(1-P 4 ) (10)

The angular momentum is given b!

L = -P 3 (l-P0 0 ) = L1 (l-Po0) (11)

Siiiilarly, in a correlation experiment, determination of Poo requires obser-
vations from at least two 9 angles. The angular distribution of the total
intensity is given by

I(, ) (-Po0) I [1+cos2 -P cos2(o-y).sin 291 + p0 o.sin
29 , (12)

replacing Eq. (4). Equation (12) may be written as

I(o, ) - B(9)[1-A(9).cos 2(p-y)l , (13)

where

A(O) = (1-oO0 ).P.sin 20
A()

=
(+o) l3O.o2 £  (14)

(1,-00 )±(I-3p00 ).cos

The value of A in the scattering plane is

A(-= 1 • P < P (15)

i.e., a smaller amplitude than the amplitude P9 for the corresponding coher-
-ice analysis along zn , see Eq. (9). Equation (14) also implies that

A("IT = P2 (1-o 0 )/(3-0 0 ) (16)

Defining the ,atio R = A(,T/4)/A(7/2) one obtains

Po0 = I3R-I)/(R+I) (17)

The general case is thus desc-ibed by four parameters (y,Lt,P ,ooo) of which
the three first can be determined from coherence analysis along +zn . Notico
that one may still have full coherence within the positivr reflection
symmetry, P+ o.

The situation is summarized in Fig. 4, which shows the shapes of the charge
clouds and belc4, in comparable scales, cuts along the principal axes in the
atom[Tic frame. In both cases (a) and (b) the alignment angle is 350 and the
width parameter P2 =0.6, but the height parameter in (a) is Poo=O, i.e. posi-tive reflection symmetry, while P0=1/3 in (b). The angular momentum has no
influence on the shape, and P3 can be anywhere in the region -0.8P 30.8, so
that P+,1. The parametrization sugge-ted above is a natural development of
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(IP -- p + i ir 1 IP

(-P ' -2 '3) 1p /2 (P 2+ ip3))

+ (o1oc1 0 0

wher -11 ± Poo is determined by P1 and P4 ; cf. Eq. (10). Following

Blum~ and Paix'io we now define

PC

XK arg(p 0) -arg(p 1)

COSCPC I S nPCOPxCoJ 1)"

COS E C- /P /P C

so that

(1-,00). 1  I-A(3+cos c) - (1+cos F)l

(1-POO).P2  -2(x(1-x)) ./COS A Co

(1-~0)PCO1/ A *Sin -

,,here )no = (]-)A)(1-cos c)12. Here O,; 11, Nxs<2-t, ONcos <]., -1,;vos=1~l *e
ay require UscA..12 since sgnA has no physical meaning. Similarly NC<7 since

sync has no mfeaning. If nPOO=O thEn c=O.

-.3. Timie evolujtion due to internal forces. tepolarization
2.3.1. The effect of fine structure
When the col Iision is over, the isolated atori develops tinder the influence

of internal forces until the optical decay. Again, restricting ourselves to
an excited P state, we shall first analyze the simplest case of electron spin)
Cj=1/2, and see how the shape and dynamrics of the charge cloud changes in 'i'".,
resujlting in a 1:odification of the observed radiation compared to the
unperturbed case, S=Q.

C-onisider first the shape: Referring to Fig. 4 it is most ctinveniontly
analyzed in terms of the molecular basis in the atoinic framle Inr whirh The
relevant, lerrity m:atrix eleiients at the time of excitation t.=f art, iven tv

() -1 a () 1 -
xxyy 2 (1- ", < (0)
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which directly measure the relative length, width and height of the charge
cloud. The shape now develops in time according to Bse, e.g., Ref. (14)]

a (t) G ) (G G
Pxx t = "'xx

0  
" 2 3 0- ( -2)

a It
P (t) = P(O) 62 + - (Go-G2)

a (t) =  0 62 0 G (Go-G2 )

where Go = Go(t) = I and G2 = G2 (t) 
= 1/3.[1+2 cos(wfst)]; hwfs is the energy

splitting between the fine structure levels 2PI/ 2 and 
2P3/2 . Thus, as long as

we assume poo(U) ( 0, the height varies in time as

0 0 (t) pzZ(t) = 9 fl-cos(,cfst)l (15)

independent of pox(O) and opy(O). For the simple shape discussed previously
in Fig. 2 and Fig. 4(a) having P 0=O.6, Fig. 5(a) shews the (reversible) change
in til:e of the shape, where the five situations correspond to Afst=O, 7/2, ,

31/2, 21, respectively, showing the quantum-beat phenomenon well known in e.g.
beai;>-foil spectroscopy. Since the symmetry axes stay fixed in time the plot
has been made for Y=0 °.

.ost collision experiments only monitor the time average of these heats,
i.e. the liiit Tfs " robs, though some intermediate situations, displaying
various aspects of this beat phenomenon, have been reported (15,16). Averag-
ing over time yields a charge cloud corresponding to ofst = 7/2 or 37/2 (here
vie assurle that Tfs << rnat, so that the pattern has time to develop before
decay); i.e.,

(bi (C) Id)

IGURt 5
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<a > .1 0a (0 2 7 =L 3p
xx t 3 xx 9 1
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thereby modifying the linear polarizations

P1, 2 (S=1/2) = 3 . PI,2(S=O )

provided that the sum of the two fine structure components, 2P3/2  2S1/2 and21'1/2 + 2S1/2, is monitored.

The time evolution of the angular momentum Li(t) is best analyzed in the
atomic basis, where the initial conditions are

a 1
o i~o(1 L,,i11 ( ) = (i-Ll )

The time evolution is governed by (14)

1_1 (t) =- 1 L G 1 Go 1G

2 7 2~ L1 G -(0 2)

with 61 = GI(t) 1l9.[7+2 cos(ffst)]. Thus the spin-crbit coupling causes
the angular momentum component along z to vary in time as

a a L L 1 r7+2 cos( !ft)l (19)I(t) P1 l + 1-1-1 = -9 f

The photon intensity 11(t) in the z direction varies in time as

1 1 (t) P" + )a, r7+2 cos(w)f~t)l (20Y)

in agreement with Eq. (18). Equations (19) and (20) show that L(t) and
IL(t) vary with the same amplitude, implying that P3 = o )!
t== -L stays constant in time and is thus not affected y
the fine structure:

P3 (S=1/2) = P3 (S=0)

So, a measurement of the Stokes parameters for a 2p,2S transition allows
reconstruction of the shape and dynamics of the charge cloud created in the
collision by multiplying the linear polarizations by a factor 7/3, while 13
is unchanged. The average intensity I, = <I(t)> = 7/9 is reduced because of
the change in photon angular distribution.

Table I summarizes the (average) intensity and the depolarization factors
cl for circular and c2 for linear polarization in the zn direction for the
cases S=1/2 and S=1, including also the individual fine structure components.
General formulas may be found in (17).

2.3.2. The effect of hyperfine structure
In analogy to the fine structure effect, the presence of nuclear spin

will cause further oscillatory behavior. We shall not present the details in
general but refer to tie literature (14) and here just give as an example the
effect of further Pdding a nuclear spin 1=3/2. The effect on the (time
averailed) circular polarization is a reduction to almost half the size, while
the linear polarization is reduced by almost a factor of eiqht, cf. Table 1.
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TABLE 1

Transition Ic c1 C2

1 0: iP iS 1 1

2p 1 2S  7/9 1 3/7
2 2 2/9 1 n
P3/2 2S112 5/9 1 3/5

3P, 3S 41/54 27/41 15/41
3Po . 3S1 2/27 0 Q
3 + 3S1 1/4 1/3 1/3
P2  S1  47/108 45/47 21/41

I = 3/2: 2p , 2S  209/300 325/627 27/209

Figiure 5 illustrates the effect on the (time-averaged) shape by suhse-
quently adding an electron spin S-1/2, (b) + (c), and a nuclear spin I13/2,
(c) - (d), leading to an almost isotropic charge distribution. This situation
is close to the case of the 7Li(2 2p) state, where, however, effects dure to a
f~itie lifeti;:ie, etc., also show up (16).

Fine and hyperfine structure may thus cause a severe reduction in ;r asured
anisotropy compared to the nascent charge cloud, provided of course that they
have tiie to develop.

2.4. S*D excitation
S U excitation has so far only been studied in a few cases. 0 state has

five substates of which, in the natural frawe, the atomic basis states with
2-1-, 0, -2 have positive reflection symmetry with respect to the scattering
.lrne, while M4=, -1 yield negative reflection symmetry. In the simple case
where the excitation is fully coherent and the system possesses positive re-
flection symmetry, three amplitudes (a2,a,2) thus come into play. the -nr-
mIdlizdtion condition IAI=1 and an arbitrary phase factor leave four real rira-
mieters to be determined. The dipole radiation pattern for a subsequent D-F
decay is completely determined by the four parameters P1 ,P2 ,P3,P4 intrndiced
dbove. Une ight think that a coherence analysis giving these four Stokes
para;ieters determines the D state completely. However, this turns out not to
be the case (18). Though characteristic parameters for the shape and dynamics
of the charge cloud, like y, L1 , Pt and the relative height, still given by
Lq. (IU), can be evaluated, analysis shows that in general two D-states exist
havin, identical dipole radiation patterns, one charge clou-d being the mirror
,i the other one -n the (xa,za) plane. Here xa is still the symmetry axis of
Lhe radiation pattern, but the charge cloud does not exhibit reflection sym-
;ietry with respect to this plane (18). Application of external fields, which
break the symretry even further and influence the time dLvelopment of the
chlr,JU clued during the tiime from excitation to decay, is necessary in order
to distirguish between the two possibilities (19).

. ,ol I now jddress some central , not yet resolved problems of current
which ;idy conveniently he discussed within the fr,mewor, presented

.jto,(,. ijr ai:; is to attempt to understand orientation effects, a feture
r1!!.'( for ,1 m)ar scattering experiments.
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3.1. orientation in electron-atom collisions
.I.!. lie excitation

Starting out with the simplest case, excitation of the 1le(21P) level, a
,,reat number of theoretical and experimental investigators have studied this
irocess for electron impact energies around 80 eV. The situation is schera-
tically summarized in Fig. 6.

For scattering angles 9col=
0 ° 

and 1800 we have L,=O and y=O
° 

for symmetry
reasons. For small scattering angles LL>O, and y follows the direction of

.oi;ent.u(;; transfer, as predicted by the First Born Approximation (FRA), while
L, (FLA)-O. L, goes through a maximum where the state is almost circular, and
froi;i about there also the alignment angle differs greatly from the FPA predic-
tion. LL then decreases and goes through zero at some intermediate angle
dL =U, beyond which the sense of rotation of the electron changes. The share
,,rturachs again a circular state, now with a negative angular monentum, which

s,,se,ently is reduced in siz when 1col approaches 1800.
Generally speaking, there is now reasonable agreement between theory and

ux;nrl:ent up to the angle )L - , while the situation beyond this point is

i unclear, with disagreements among the various theories and among the
experi.iental results. And the qualitative physics behind the behavior shown
in Fig. 6 still needs to be clarified. One suggestion is that at small angles
the scattering is dominated by attractive polarization forces, leading to

LL>O, while at larger angles repulsive electron-electron forces dominate,
hence LL<O. However, this argument alone cannot he the whole story, because
calculations for positron scattering give L.< at small angles, although the
polarization forces are still attractive (26). Analysis in terms of ,orn
series shows that, in general, for small A the 1e. Ing term of L is propor-
tional to 13 and a product of a first and second order term, while at larger
angles a term proportional to q4 and a product of two second order terms
become important, q being the projectile charge (20).

Going toward lower energies where the de Broglie wavelength begins to
exceed the size of the lie atom, the situation is even more unclear, and
whether the picture outline in Fig. 6 can he maintained (21) is still being
debated. Fortunately, agreement between theory and experiment is now very
good at encrgies very close to threshold, though a typical data point here
tdkec about 1000 hours to measure (22).

Gne problei; on the experimental side is that mainly the photon pattern of
the lie IIS-2

1
P 564 A line, being in the vaccum ultraviolet (VLi') region, has

been studied with correlation techniques, by which the sign of Li cannot he
directly determined. We refer to Ref. 23 for a detailed analysis of the sit-
udtion, and will here just sketch an illuminating way of analyzing the problem
;miaking use of the Poincar4 sphere introduced above. Figure 7 shows a recent
calculation of Madison (24) for lle(2

1
P) excitation at 80 eV impact energy,

illustrating quantitatively the behavior summarized in Fig. 6.
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650

FIGURE 7

Crosses mark 50 steps in Ocol . The curve starts out at r=(1,0,0) for
Ocol=OO and then moves westward, slightly below the equator, with increas-
ing 9. In contrast, FBA predicts a curve restricted to the equator since
Li(FBA)=O. Then it makes A loop passing near the south pole at the angle

LTiax; then a rapid movement in the northern direction, crossing the equator
at 

3
L =0=65

°
. After an approach to the north pole at 9Lmin it returns to

the starting point at 0=1800. Why a study of angular momentum sign changes is
particularly difficult using correlation analysis is now evident when we hear
in mind that this technique only determines the projection Pl+iP2=PZ.e2iY
onto the equatorial plane, as shown in Fig. 8 for the curve of Fig. 7.
Crosses correspond to LI>M, i.e. the southern hemisphere, circles to LL<O.
The lower part of Fig. 7 shows that when Li changes from 0.5 h to -0.5 h,
corresponding to the region from 300 southern to 30' northern latitude and
550 < ecol < 85', the longitude 2y stays almost constant, so the projection,
Fig. 8, varies little.

Thus despite the fact that P moves rapidly, the angular correlation pattern
is almost stationary, as further illustrated in Fig. 9. This figure, sym-
metric with respect to the equator and based on Eqs. (3), (4) and (6), shows
the change in shape of the charge cloud, and thereby the correlation pattern
when moving from the north pole to the south pole on the Poincaro sphere.
Some numerical examples are given in Table 2, highlighting the difficulty of
studying Li sign changes based on measurement of Pt.

Trapping of resonance radiation in the target gas will tend to reduce the
anisotropy, and thereby Pt, but leaves the angle y unchanged. This effect
mignt be difficult to exclude on the -1% level which is required (25). So,
though being difficult, circular polarization measurements in the VUV range at
carefully selected angles would be highly desirable, and much larger error
bdrs can be tolerated if one just wants to determine the sign unambiguously
(26).

Another way of exploring this problem is to study the He(3
1
P) level

instead. This level has two decay modes, one leading to VUV emission (537 )
and one in the visible (5016 A), see Fig. 10. So, here systematic comparison
of correlation analysis in the VUV and coherence analysis in the visible (27)
serves as a good consistency check.

3.1.2. rMe, Ar, Kr, Xe excitation
Much less work has been done for the heavier rare gases, so little in fact

that no picture like Fig. 6 for He can be drawn. Some studies of the re-
sonance levels Nle(3s,3s'), Ar(4s,4s'), Kr(5s,5s') and Xe(6s,6s') have been
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TABLE 2 -0.5 0 0 1"

L P Length Width K 311711

0.002
. 0 .0 0 0 .0 0 0 0 .0 0 0 c -\tO. 1 0.995 0.9975 0.0025

to.2 0.980 0.990 0.010 -10

tU.5 0.866 0.933 0.067
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perform~ed, but more system;atic work is needed. This series of levels show-s
the effect at low energies of spin-orbit coupling during the collision, lead,-
irig to charije clouds where poo becomies significant. Also here VUJV circular
olarization ieasureioentS are very desirahle to see, e.g., whether the s''all-

dn~jle behavior is similar to that for lie, or the physics is different. This
iiis not buen done yet, but there are reasons to believe that at small scat--
teririj, angles L, might have the opposite sign of the lle(n1P) case, si.nce for
m~e a p elect ronl is created, while for the heavy rare gases one creates 1 r
hiole.

3.2.1 0'to in heavy dtoi'i collisions
''rnro ow to, tire toolic of heavy aitom collisions we shall again try t

Uncc) (2 irect rs of rese-arch which fruitfuil lv could he invest i v-
cin the f ccr, bei nC well aware that this !,light he a ri sly business.
xcl* ,il'on ini heavy atomi collisions is knowjn to take place in essentially
. y cv ) at short distances throoq h radial and rotational corpl inf's at

_*crti ctrv crossings (or approaches) of the transi ent quasi -7irol emlan'
1 am'C distances exci'l''en 31so may take place via direct transi , ,n S,

''Vi''l aiprecialble probbilities at. velocities where the f'assey m ri'r-
Cl 'i itxiima rule f L;filled: oEa/hv ,F ft emp the excitio

he effect ivo ' nteractlr n Iernjt h , and v the collIi s ion vel oci' I
hc rhe oriet'1.i cay vary i0 sign for ''echaniis- (i ), derend'nno nn re*,iix

it, Qci 1 'cu s(1,;20) There soers tohe a preferred direction of
41 ,,i er 'r g e Ilo c ity ro n e f ur ie c h a n is i wh ic h we s h a nw

)-i rci, cxci -a' Ion' :A proicos ity rule fo rm ain
'"se i <(t rara ' er direct excitation of tile resonance 'SP transi' iors

I - i .Ir, l ki!1i -lIrke atIom-s i n collIi s ions wi th ra re lases shows tha' L
i' 

1 as 1 ierrje negative value in the re-qion of 17'axi!r-i'' excita'ion
tsy criterion is f'jlfilled (22, 30). To analyze this o)rohle'- fijr-

t- r ; j l( 'he all al i-r ire gas systemi as a quasi-one electron syster, i.e.
f vQ1 'ly a three udy systefm cons ist inrg of the )Ilk, l core, The valeonce

1 cc rid ' he r'are' gas atomi, with the electronic excitation induiced ky e
""- e 9' 'ior a' 'o n Vfor which various simple models have been

ro t o 1e i? f wt select as basis the set of three states corsislinki n
ith groLurO sadtf IS) and 'lie two a'tmic basis states 1p, ) and p-i) of Fio.

al1 h~iung positLive reflection symmetry, the following close-coiplinn eqiia-
'1is re 'ita i nedl fur the aimpi itudes a =(as ,a ,a+ i)

Sd
IV T a I K A a(?Il

itX Oceinyi tihe posit ionr alone the trajectory, I, the impact parameter, and
W (ziroil/ the internuclear distance

-ex i "" cLc c0 FJ ia (221

'oe is hef (x-iiereridort ) s-P energy difference, and i' the rota' i 'nn an0r(

mf The 'rirericleir avis (31). 'he valence electron pol-ential V only entor-
'lire Ljh !. l:u iii 'rr i fadceI)rs F1 R ) describhing the c I) crI 1i) i n I, i nd 0. F
1e sIr I I I r h I, h e 1 -, roijl 'irng, respect ively eqiial e The iarix cli'-
Pients (s V -)- -(s V *)and ( vi-) ,referred to the body-fixed system. Theior -of 'Iei' ma'rice; de'id' en the dynamic'. o!clv, 1llowinq us *''

'n. n tir 'iim e isily see iahi hapeons. Star' In,' 'ho svsV'",1 ri 'n 5 1' irst

- -V
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a+ - f F " exp i-L-+ 9) dx (23h)
I v Sp h

The angle a changes by 1 during the collision. Thus, if the velocity is such
that the change in phase over the effective interaction length a, AMa/hv - 7,
then a-1 has a stationary phase and its maximum value is obtained. For a+1,
however, the total phase changes by 27, giving a near cancellation of the
integral, so that ad+ is small. Thus a propensity rule (32,33) for circular
polarization seems to hold in the region of maximum excitation. To illustrate
the development of the circular state along the trajectory, Fig. 11 shows a
calculation for the Na-le system (31) at an energy 1m = 2 keV and impact
parameter b = 2.2 a.u. using for V a Baylis-type (28)' potential. This syste=
is particularly interesting since a study of the time-inverse process, scat-
tering of lie on laser-excited, oriented sodium atoms may he feasihle (34):
Lqs. (21) and (22) predict that in the usual geometry the Jp-I) state should
be easily deexcited, while the JP+i) state should be quite stahle.

Start Is> No - He 2keV b 2.2a. u.

3 0 - S -- P E x c i t a t i o n P r o b a b i l i t y , ..... S , , -

F T - ' ! t F

- -2 0 2 4, .u. 00

Position along trajectory

0 .0 -- -- F --- _ _ __

-0.5

-10 Angular Momentum _

-. -2 0 2 4ua.u. 00

Top view:C

Side view:

Observation
at time=oo

FIGURE 11.
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(o) b)

FIGURE 12

These ideas can be further generalized, admittedly now becoming even -ore
speculative: Inspection of tqs. (23) shows that if aE<O then the roles of
a-i and a,. will be interchanged. Thus the situation of Fig. 12(a) right kh
p. ossible: Lxcitation from an is) state will lead to a IP-) state, deexcita-

tion to p+;). Furthermore, Fig. 12(b) shows another configuration that minht
be accessible: An atom in a Ipl) state is easy to deexcite (to the S state)

but hard to excite (to the ) state). Changing the sense of rotation, i.e. tn
a Ip+') state, will now give an aton unwilling to get deexcited (to the S
statu) but readily excited (to D). In other words, if an ator ;n the IP-1)
state is hit on its left side [Fig. 2(a)] it preferably gels deexcited, while
niI-tin its rijht side triggers excitation!

"I what extent such experiments, in which the dynamics of the active
ulecLron is strictly controlled, ere feasible, the future will show.

4. CUNCLUSIWU;S

We have suggested a common framework for description of alignment and
orientation of atoos excited in planar scattering experiments, quantizing
along the axis perpendicular to the scattering plane. Analysis of symmetry
,roperties of the atomic states and the forces responsible for the evolution
uf the charge cloud suggest a parametrization of the shape (i.e., length,
width, and height) and dynamics of the excited charge cloud, which is directly
related to experimental observables as well as to the atomic scattering
a:ijlitudes arid density matrix elements.

Considering the often very extensive investments of time and equipment
needed for these investigations, one must carefully consider which systems are
worth understanding. Obviously, it is worthwhile to see if we can understand
the siiplest and/or most fundamental systems at this level of accuracy.

.oncentrdting on orientation effects -- unique for planar scattering
geoetry -- we conclude that electron impact excitation of He is now quite
well understood at small and intermediate scattering angles while the experi-
iental and theoretical situation still needs to be improved at large angles.
For the heavier rare gases, much remains to he done before a consistent
picture emerges. Circular polarization measurements in the VUV would be
particularly useful.

For heavy atom collisions a few simple systems have now been understood in
the molecular regime. For direct excitation a propensity rule has been suq-
gested, but it needs further experimental attention.

In this sVort overview we have omitted discussion of the now rapidly
developing field of application of spin-polarized particles, which promises
iquch information about spin-dependent forces (35) in the future. Also ex-
eri ents involving coherent superposition of states with opposite parity,

uising hydrogen targets for photon emission (36) and, e.g., helium for electron
u.Isl ,Jrl () are interesting new developments.
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ELECTRON IMPACT EXCITATION OF MOLECULES

Sandor TRAJMAR

Jet Propulsion Laboratory, California Institute of Technology, Pasadena,

CA 91109, U.S.A.

1. INTRODUCTION

Although a great deal of qualitative information has been generated for
molecules, our knowledge of cross section data is rather meager and
theoretical methods for calculating cross sections are not yet as reliable as
for atoms.

Here, we are going to give a brief overview on electron impact excitation
of molecules with emphasis on elastic scattering, rotational, vibrational and

electronic excitations. A few general remarks on dissc.,iation and Ionization
will be made. Recent developments in the electron-photur coincidence area
will be mentioned only for completeness. Practically no cross section data
are available for innershell excitations and for electron collisions with
excited molecules. We will briefly discuss presently used experi rental
techniqves and difficulties related to cross section measuremants, 3urvey

availanle differential, integral, momentum transfer and total electron
scattering cross section data, and compare experimental and theoretical
results in the near threshold to few hundred eV impact energy ranie.

There are several complications associted with quartitative
characterization of electron molecule collision processes. In g( ,ecal a very
large variety of reactions can take place as the result of electron-molecule
collision. For example, excitation of an electronic state can be accomp tled
by various combinations of rotational and vibrational transitins or the
excitation can lead to dissociation into neutral, positive and/or negative
Ion fragments in their ground or various excited states. In compiling the
energy and angular dependencies of all chese processes, we are faced ith an
overwhelming body of cross section data. In addition the scattering
probablity may depend on molecular orientation, fine, hyperfine, and magnetic
sublevel quantum numbers, the spin of the continuum electron etc.
Fortunately some simplification results from the fact that we average over
many of the events which are difficult or impossible to resolve
experimentally. Furthermore, the Born-Oppenheimer separation of nuclear anc
electronic motions and the Franck-Condon princile appedrb to )e appliable in
most of the electron scattering cases (when no resonances or long range
forces are present). Another difficult problem in cross section measurements

is related to the establishment of the absolute scale at low and Intermediate
impact energies. This question will be discussed in more detdi! below.

2. DEFINITION OF CROSS SECTIONS

The quantity '.naL characterizes a scattering process is the cross

section. Experimental measurements usually do not yinld cross sections for
the most fundamental scattering processes (for w[ich the initial and final
quantum states are fully specified) but for a number )t experimentally
indistinguishable processes. In addition, the measur

4
ng apparatus has a

finite energy arI angular resolution and the measured quantity is a cross

section averaged over these Instrumental functions. When cross sections are



18 S 7rajmur

obtained from theoretical calculations, similar averaging is required to make

a comparison between experiment and theory possible. This all sounds trivial

but in practice, both experimentalists and theoreticians are frequently

guilty in not specifying precisely what kind of cross sections tney are

presenting.
Most of the experimental work have been carried out in recent years in a

molecular-beam/electron-beam arrangement and differential cross sections are

obtained at fixed impact energies as:

N iCnO] N [d 1 ~ (1)-i
0 i fE

0

Here n refers to the collection of unresolved channels, Eo is the impact
energy, and -: is the scattering angle (polar angle). The azimuthal angle
dependence disappears because we are dealing with an ensemble of rotating
(randomly oriented) target molecules. The bar above the right hand side term
refers to the averaging over instrumental energy and angular resolution
functions.

Integration of the differential cross sections (DCS) over all angles
yields the integral and, in the case of elastic (n = 0) scattering, the
momentum transfer cross sections:

n(Eo) 2- / [DCS n( )]E sin d (2)
0 0

M([) MEo) = 2 f [OCSo( )][ (1 - cos ) sin d (3)

0 0

The total electron scattering cross section is defind as:

TOT(Eo
)  

E n (Eo) (4)
n

(The summation includes elastic and all inelastic procetses.)

3. CROSS SECTION MEASUREMENT TECHNIQUES AND DATA

3_1 Ttl EIlectro Scatterin C.ros Sections

There are three widely utilized methods for determining 'TOT(Eo):
a. Electron transmission measurements
b. Measurement of electron-transmission-with-time-of-flight analysis
c. Recoil measurements

In addition, some total cro sections have been generated by indirect
methods and can, in certain cases, be deduced from swarm measurements.

The transmission and transmission with time-of-flight methods have been

extensively used in recent years for determining highly accurate (-1-3%)

total scattering cross sections ranging from impact energies of 20 meV to
2,000 eV for a number of molecular species. The recoil method has been
applied in the case of diatomic alkali and alkali halide molecules. Table I
summarizes the total cross section data available since about 1970.

More detailed discussion of the techniques and data have been published by

Trajmar and Register (1) and Trajmar et al. (2), respectively. Although
possible In principle, the approach of obtaining TOT(Eo) from - n(Eo) is
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not feasible in practice due to lack of cross section data. Total

scattering cross sections are needed in modeling

Table I. Summary of Recent Total Cross Section Data

Molecule Energy Range Method(a) Molecule Energy Range Method(a)

CeV) (eV )

H2  0.02-2000 T H 0 0-10 T

N 0.25-1,600 T C6 0.07-700 T

0.3-8 T N 6 0.5-10 T

0 100-1,600 T S6 0-10 T

100-1s600 T 0-10 T

Li2  0.5-10 R DES 1-8 T

Na2  0.5-50 R CH4 0.5-100 T

K 0.5-50 R SF 0 036-100 T

0.81-15.7 R 0.3-5 T

CsF 0.6g-6.81 R 0C14. CF

CsCl 0.47-15.7 R C012F2, C 'F3 , 0.6-50 T
CF4

W)T = transmission;! R = .ril

W"14

(2

I0 1 
-3)

x~ a 010 I*

( V' -1)

o oE
00 o

10-17
0.1 I 10 Io

IMPACT ENERGY (eV)

FIGURE 1.

Total scattering, elastic scattering, rotational, vibrational and

electronic excitation, and ionization cross sections are shown. QXC

above 100 eV is the empirically estimated sum of all electronic excitation

cross sections while below 100 eV it refers to the sum of the cross

sections measured for the excitation of the six 
lowest electron states

(Ref. 3).

various plasma systems and are very useful for setting upper limits and for
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normalization of integral and differential cross sections as will be pointed

out later.
It is interesting to see how the more specific cross sections contribute

to the total electron scattering cross section. This is demonstrated for H2
in Fig. 1.3.2 Inega Cross Section

General Remarks: Integral cross sections could be obtained by measuring,

over all angles, the electron scattering signal associated with a given
process. Although some efforts In this direction were made, most of the
integral electron scattering cross sections, that we are concerned with, have
been obtained from DCS measurements. There are two exceptions: optical
excltation functionn and total electron impact ionization cross sections. In

these cases the photon emission rate b) the electron impact excited molecules
and the total ion current can be measureo.

Optical Excitation Functions: Optical excitation functions are obtained
by measuring the light emission intensity between two quantum states at
particular wave lengths as a function of electron impact energy. The
experimental procedure requires quantitative measurement of emission
intensity, electron beam flux, target density and geometrical factors and the
knowledge of angular distribution or polarization character of the emitted
radiation. Optical excitation functions in general represent electron impact
induced photon emission probabilities as a function of electron impact
energy. If they are corrected for cascade effects, branching ratios, and
other competing decay processes, they become equivalent to electron impact
excitation cross sections and are frequently called level excitation
functions. If no correction is made for cascade, they are called line
excitation functions or apparent electron impact excitation cross sections
and they represent upper limits to the true excitation cross sections.

A large body of data is available in the form of optical excitation
functions in the visible region and considerable progress was made
recently in the VUV region. For example, it was found very recently that
the cross section for production of Lyman-, radiation in electron H
collisions was incorrect (4-6) and it had to be lowered by a factor of 0.64.
This has affected a large fraction of the VUV optical excitation functions
since the Lyman- cross section has been commonly used as a calibration
standard. The availability of VUV circular polarizer (7) represents a new
important capability.

A short overview on optical excitation cross sections was presented by
McConkey (8) but the field has not been critically reviewed for many years
and it is certainly ready for such review.

Total Ionization Cross Sections: There have been no major developments In
recent years concerning total ionization cross sections. Kieffer and Dunn
(9) summarized the experimental techniques and data on diatomic molecules up

to 1966. For a recent review of this subject see Ref. 10. The situation can
be briefly summarized as follows. For H,, D2, Nt, 02 CO, NO, CO2 1 N2o CH4,
SF6 and C2 H4, the results of Rapp and Engfand-Go den (11) are most 1kely to
be correct within the specified error limits. The progress in the last
decade was mainly in the sense of extending the measurements to other
molecular species like F2, Cl2, H20, BF31 NH3, UF6, 03 and many hydrocarbons.

The Integral elastic scattering and excitation cross section data obtained
from electron scattering experiments will be reviewed under Differential
Cross Sections.

31 Differential ros Setions
General Remarks: Differential (in angle) scattering cross sections

(DCS's) represent information one level more detailed than integral cross
sectviuis. These type of data are needed for obtaining momentum transfer

cross sections aL impact energies higher than inelastic thresholds, for
stringent testing of theoretical models in cross section calculations, and
for understanding the physics of scattering. Differential cross sections
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also explicity enter terms higher than second order in the spherical harmonic
expansion solution of the Bolzmann equation for electrons In molecular gases.
Integral cross sections obtained by direct integration of differential cross
sections are free from many of the deficiencies encountered in measurement of
the integral cross section (e.g., cascade effects) but are subject to some
errors due to the need for extrapolation of the measured data beyond the
experimentally accessible regions (to 00 and 1800 scattering angles).

The co, nmiry first Llo I., 'talning DCS's is to generate energy-loss
spectra at various scattering angles and impact energies. The experimental
arrangement is schematically shown in Fig. 2. An energy selected, well
collimated electron beam of desired kinetic energy is produced and focused on
the target molecules. The target is either a beam or a static gas sample.

ENERGY
. ANALYZER

SIGNAL

ENERGY OPTICS

SELECTOR
- GUN

PHOTONS
ELECTRONS
IONS

FIGURE 2.
Schematic diagram for differential scattering cross section measurements.

Electrons scattered into a small solid angle at a given scattering angle with
respect to the incoming electron beam are energy analyzed and detected as a
function of energy loss. A typical energy-loss spectrum generated this way
is shown in Fig. 3. The location of the spectral features characterizes the
energy-level scheme of the target and the scattering Intensities are related
to the corresponding DCS's. Determination of DCS from such spectra requires
a decomposition of the overlapping structures into individual contributions.
A large number of studies have been carried out leading to energy-loss

spectra e.g. for the purpose of identifying optically forbidden excitations.
However, only in a few cases have the energy-loss spectra been converted to
absolute cross sections.

The general relationship between the scattered electron signal and the
cross section is rather complex

In (E0 ,AE,11) , f . f f r(I ) f(Eo,r) F(Eo',AE',r,') x

E' AE '< ()

(5)

F1 <,AE' l
i Ni if3A, 2 C'. dAE' dE0 dr
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H2

1 2 3 45 1 6 EO 0 e
C I4 o n 01 1 2 31 4 5 6 7 8 8 ,

B Ii

V; 0 1 2 3 -4 5 7Ji8 10k1 2 £ 14

0 1 2 3 1w
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P 1.5 12.0 12.5 13.0 1.S 14.0 14 .5 15.0
ENERGY LOSS eVi

FIGURE 3.
Electron-impact energy-loss spectrum for H . The prominent singlet state
excitations and the elastic peak are s own (from Ref. 3).

where:
I (Eo,AE,2) is the scattering signal (counts/sec) measured by the instrument
at a nominal impact energy E0, energy-loss AE, and scattering
polar angles (Vc) for a collection of processes indicated by n; '(r) is the
spatial density distribution of the target molecules (cm3); f(E, is the
ais4tribution (both energy and spatial) function of the electron flux;
F( o,A ',rQ) is, the response function of the detector;

5 o(E0 ,AE r")/3E IEDQ I is the triply differential crosi section for the
process (i - f) w~th energy loss AE' at impact energy Eo and scattering
angle q?; i is the position coordinate of the individual scattering points
which contribute to the observed signal and A$ and 0' are the polar angles of
scattering from these points. The extraction of the desired cross section
from Eqn. (5) is complicated. It requires detailed knowledge of the target
density and electron beam flux distributions and the overall instrment
function. The situation becomes much more manageable if a DCS averaged over
the energy and angular resolution of the apparatus, is removed from the
integrand. Then the relationship for the indistinguishable scattering
processes becomes

In(E,e) = DCSn(E o) Vef f  (6)

Here all the flux, geometrical, and instrumental functions are included in
the "effective scattering path length" Vef which can be obtained by the
appropriate Integrations. The values of the "effective scattering path
length" could be calculated at each impact energy as a function of the
scattering angle and, therefore, the absolute values of the DCS can, in
principle, be obtained. At high impact energies Lassettre and Bromberg
determined the effective path length experimentally and produced absolute
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elastic cross sections this way. At low impact energies this procedure
becomes hopeless. It is very difficult to measure these parameters

accurately and even more difficult to keep them constant during the entire

measurement. An easier and more reliable procedure is to measure relative

cross sections and normalize them by other methods. Let us now summarize the
various methods by which absolute cross sections can be generated.

One approach to normalization utilizes total electron scattering,
excitation, and ionization cross sections. The integral elastic cross

section is obtained from the expression

o 
= 

7TOT - 'INEL = TO, - SEXC - 'ION (7)

and is used to normalize the relative experimental elastic data, which in
turn can be used to normalize the inelastic data. Total cross sections can

be measured with 1-3% accuracy and have recently become available for a large
number of molecules. The ionization cross section cION is usually available

to an accuracy of about 5%. The total excitation cross section, CEXC is
usually not availale, but can be, at low energies, estimated with acceptable
accuracy. At higher Impact energies, cEXC is comparable to the other
quantities in Eq. (7) and the estimation accurazy will greatly influence the

calibration.
High-energy and low-angle electron-impact measurements have been used to

generate optical f-values by extrapolation of the generalized oscillator
strength f G(K) to zero momentum transfer (K). This Is the basis of
generating optical absorption and photolonization data by electron impact
techniques. One can, however, reverse the procedure and utilize available
optical f-values to normalize relative generalized oscillator strengths which
were obtained from, and are equivalent to, the experimentally measred
inelasti5 DCS. This is usually performed by plotting the relative f (K)

against K , observing the small K tendency in the curve and extrapolating to
K 0 0. The problem, however, is that for an inelastic process the momentum

transfer is finite even at zero scattering angle and the extrapoltion to the
zero limit is unphysical. An other problem is that the most important points
in this extrapolation are the low-angle DCS points, which are experimentally
the most uncertain. This uncertainty in the low-angle data arises mainly
from the interference of the parent electron beam, and the rapid change of
the DCS and the effective path length with scattering angle at small
scattering angles.

Optical excitation functions, if properly corrected for cascade, can also
be used to normalize selective integral electron-impact excitation cross
sections. Since absolute optical excitation function measurements face most
of the problems one encounters in absolute electron-impact cross section
measurements and more, this normalization procedure is not very practical.

In principle, theoretical calculations could also serve as the basis for
normalizing relative cross section data. In general, however, the
theoretical calculations have not been accurate enough for this purpose.

The most practical and reliable method for normalizing elastic scattering
cross sections is the "relative flow" technique. In this approach one
measures relative elastic scattering intensities for the gas in question with
respect to H9 under "identical experimental conditions". On the basis of

Eqn. (6), the relative intensities are given as

I(E0 ,O;x) DCS(E0 o;X) Veff(X)

I(E 0O;He) = S _,O;He eff (8
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He is selected as a standard since elastic DCS for He are the most accurately
known cross sections and the identical experimental conditions cancel the
effective scattering path lengths. In practice, ro complete cancellation is
achieved but the ratio of the effective path lengths is determined. (For
details see Refs. 1, 12 and 13.) We have spent a considerable amount of time
in our laboratory to refine this technique and we feel that it can now yield
cross sections accurate to about lOS at intermediate impact energies. The
major points of concerns are: identical relative density distributions for
the two gas targets, accurate knowledge of the relative gas flow rates,
avoidance of cross contamination, and the overall stability of the apparatus
during the measurement. Once elastic OCS are determined for a given
molecule, the inelastic cross sections can be normalized abainst it. Some
problems arise at low (near threshold) impact energies in evaluating energy-
loss spectra and converting the measured scattering signals to cross
sections. For the unfolding of individual vibrational band intensities
associated with an electronic transition from an energy-loss spectrum, we can
no longer assume (as at higher impact energies) that the relative scattering
'ntensities ot these bands are given by the Franck-Condon factors. The rapid
change of the cross section near threshold now has to be considered (since
each vibrational excitation occurs at a different energy above its own
threshold). This effect was nicely demonstrated by Ajello and Shemansky (14)
for the electron impact excitation of N2. In addition special problems are
presented by the low-energy background electrons and the need to calibrate
the response function of the detector as a function of electron energy.

Elastic Scattering and Rotational Excitation: Elastic cross section data,
with very few exceptions always include elastic and rotational excitation
together. In this composite "vibrationally elastic" cross section usually
the true elastic AJ = 0 contribution dominates. The exceptions are high
angle scattering where 1J = ± 2, ± 4 type tr nsitions also become important
and highly polar molecules where the ,J = - 1 dipole processes dominate
especially at low angles.

The electron energy and scattering angle dependence of vibrationally
elastic electron scattering is illustrated in Fig. 4 for the case of N2.

i _ 2 7.2,ev
QO .

J
........ T 1e

6.80
45 90 135 180

o (deg)
FIGURE 4.

Energy and angular dependence of elastic DCS for N2 (from Ref. 15).
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This figure is based on the calculations of Siegel et al., (15) and itdisplays the important chracteristics of elastic scattering. At very low
incident electron energies, the DCS for elastic scattering is nearlyisotropic (because the centrifugal barrier excludes all but S-wave
scattering). As the incident electron energy increases, the DCS generallybecomes more and more forward-peaked which is a manifestation of the factthat more and more partial waves contribute to the scattering process and the
fact that the electron transfers less and less momentum to the molecules. N
has the interesting d-wave shape resonance centered near 2.4 eV that
dramatically alters the general characteristics just described, and which
stands-out in this figure. In the case of resonances, the shape of the OCSis determined by the prc,3rties of the intermediate ion state and does not
follow the qualitative arguments that apply in the nonresonant region.Figure 5 displays the incident electron energy dependence of the measured
integral vibrationally "elastic" scattering cross section for a variety ofmolecules, ranging from H2 to SF6 . The purpose of this figure is toillustrate the substantial variation, in both the magnitude and electronenergy dependence of the integral cross sections.

24 "ELASTIC" ELECTRON

22 CN, SCATTERING

20 CO -- CO'o /O x .. ,S

~ I~~ /SF6:
0

A0 N 
N2

O6 "CH CO .12
0

0 5 10 15 20 25 3R 35 40
INCIDENT ELECTRON ENERGY (eVI

FIGURE 5.

Integral elastic scattering cross sections (from Ref. 12).

Reasonably complete sets of differential and integral elastic cross
sections are available for H2 and N2 at impact energies ranging from about
0.1 to 1,000 eV. Fragmentary data is available for 02, CO, NO, HF, HCl, HBr,LiF, KI, CsF, CsCl, H 0, H2 S, HCN, CO2 , N 0, SO, NH ,As-, CH-, C H , C2 H4 ,
C2 H6 " C3H8, CC1 2F2' C4 SF6 andlJF6

,  See efs.2 and 12.
Pure rotational exctation cross section has been measured for H2 andobtained by unfolding technique for N2, CO and H 0 but only over very limitedangular and energy ranges. (See Refs. 2 and 12.).
Vibrational Excitation: Electrons are quite effective in producing

vibrational excitation, particularly at low impact energies, by interacting
with the molecular electron distribution, which is coupled with the nuclear
vibrational motion. Especially effective are the resonance mechanisms forvibrational excitation which involve temporary electron capture. The
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increased electromagnetic interaction cuases a substantial distortion of the
molecular charge distribution and this distortion leads to efficient energy
transfer into vIbratonal fodes. At low energies typical integral cross
sections are about 10 cm .

The energy and angular dependence of vibrational excitation cross sections
in the resonance region depends critically on the lifetime and the properties
of the negative ion state. Vibrational excitations to high vibrational
levels, far outside the Franck-Condon region, can occur through formation of
negative molecular ion states which are unstable with respect to
dissociation. As the nuclei fly apart, decay to the vibrational levels of
the ground electronic state takes place in competition with the dissociation.
In tie case of polyatomic molecules the resonance excitation can be selective
with respect to vibrational modes.

The direct electron-impact excitation of molecular vibration, especially
at high impact energies, tends to approximate the .'v = 1 selection rule
Thse direct-excitation integral cross sections are of the order of 10-
cm , change smoothly with impact energy and are usually forward peaked.
Excitation to overtone or combination bands decrease by about an order of
magnitude with increasing vibrational quantum numbers. The angular behavior
of the cross sections depends on the relative importance of short and long
range interaction terms and is usually similar for the fundamental and
overtone bands.

Most of thc vibrational excitation cross sections available are for H2 and
N2 . Some fragmentary data exist for 02, CO, HF, HCI, HBr, H2 0, H2 S, C02,
SO2 , ci, C2 H, C2D , CC13F and CCl F (See Refs. 2 and 16 for details.)

Ele ronic Excitation: In exciiaiion of electronic states, resonance
mchanisms do not appear to play a significant role. Only core-excited shape
resonances cause significantly increased cross sections but then only over an
energy region which is small (a few electron volts) compared to the energy
region over which direct excitation is effective.

- largest cro~s s~cticns f., olectror!c excItat'nr are associated with
optically allowed transitions at intermediate impact energies (and small
scattering angles). The value of these cross sections increase gradually
with increasing impact energy from threshold to about ten times threshold
energy and then slowly decrease at high energies. The angular distributions
are forward peaked and this character becomes more enhanced with increasing
impact energy.

At lo, impact energies (within a few electron volts of threshold)
forbidden transitions dominate the energy-loss spectra an, t.crfc,-c,
represent the important cross sections. Particularly significant are the
spin-forbidden processes that readily occur by electron exchange and produce

metastable species. This property of electron-impact excitation has been
widely utilized to generate metastable atoms and molecules. Integral cross
sections for spin-forbidden processes rise steeply near threshold, reach
their peak value within a few electron volts and then decrease sharply with
increasing energy. The DCS's associated with these processes are nearly
isotropic, reflecting the short-range nature of the spin exchange reaction.
No simple characteristics can be identified for symmetry-forbidden
excitations. The integral cross sections for these processes are usually
smaller than for optically allowed excitations, reach their peak value at
lower impact energies, and their DCS's show a large variety of behaviors.
There Is, however, a very unique character associated with parity-unfavored
transitions (+ - Y-). The DCS for this excitation goes to zero at 00 and
1800 scattering angles (17).

Until very recently, a reasonably complete coverage of electronic state
excitation cross section was available only for N2 and some fragmentary data
was available for H2 , 09, SO2 and CH4 (see Refs. 2 and 16). An extensive

study has now been reporied for H2 (Rel. 3).
Excitation to repulsive electronic states leads to dissociation of the
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molecule. A large variety of processes are possible and a considerable
amount of general information and cross section data exist for dissociative
attachment and for dissociation Into excited or charged products. Very
little information is available, howevev', on dissociation into neutral
fragments. For recent reviews on this subject see Ref. 18.

Ionization: Differential cross section for ionization are more difficult
to determine than for processes discussed so far. The cross section now
depends not only on the impact energy but also on the energy and angle of the
primary and secondary electrons. Some investigations for atomic species have
been carried out but no comparable data exist for molecules. From a
practical point of view the single (with respe-t to the energy of one of the
electron) differential cross sections are the most important quantities while
from a theoretical point of view the multiple differential cross sections and
angular correlations represent the most stringenL tests of models and
approximations. (See Ref. 10.)

A M ntu Transfer CrosS etions
Elastic momentum transfer cross sections at low energies (below a few eV)

are commonly and most accurately determined by electron swarm techniques.
Beam/beam experiments are mandatory at higher energies. The swarm and the
beam/beam measurements cover complementary energy ranges and the comparison
of the cross section data obtained by these two methods in the overlapping
energy range can serve as an important check. For discussions and
compilation of momentum transfer cross section data see References 2, 19, 20
and 21.

A great deal of progress has been made recently through detailed
comparisons between the results of swarm experiments and experimental and
theoretical cross section data for electron-molecule collision processes.
Thzse comparisons make it possible to judge the consistency of available data
and allows us to deduce such data from swarm parameters. At the Joint
Meeting of the 4th International Swarm Seminar and the Inelastic Electron-
Molecule Collision Symposium (Satellite Meeting of the XIVth ICPEAC), Tahoe
City, California, July 19-23, 1985 detailed discussions on these matters were
presented. (See especially the abstracts by M. Hayashi and A. V. Phelps,
Proceedings pp. 8 and 6, respectively.)

5. COMPARISON OF EXPERIMENTAL AND THEORETICAL CROSS SECTIONS

It is important to develop theoretical methods which can reliably predict
electron collision cross sections. Such methods would enable us to generate
e large body of cross se.ions wh~c

K 
would take decades of exte"'l,,

laboratory work to measure. Especially important are calculations for
molecular species which are difficult to study in a laboratory (free
radicals, excited and corrosive molecules). In addition the development of
these methods helps us to understand the basic nature of electron molecule
collisions.

Comparison of experimental data with theoretical calculations provides
information about the validity of various approximations and allows some
insight into the physics of the scattering process. The type of questions
one should ask about the physics of the scattering processes in case of
molecules are:

1. What is the role of nuclear motion in the scattering process. Under
what conditions can we take the nuclei fixed (Adiabatic Nuclei
Approximation)?

2. Is it necessary to solve the complete Laboratory Frame Close Coupled or
Body Frame Close Coupled equations or do the Distorted Wave, Glauber,
or Born Approximation suffice?

3. What is the importance of the various terms in an interaction
potential; such as static, exchange, polarization and absorption

terms?
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Incme. A sections for excitation of the 81 + state of H are

compare. e o type calculations (22) predict qualita'ively correca DCS
only at small scattering angles. The distorted wave results (23) are in good
agreement with experiment shape wise but differ in magnitude by about a
factor of two. Figure 7 shows the integral cross sections. The theoretical
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FIGURE 6. FIGURE 7.

Differential cross sections for Integral cross sections for thethe excitation of the B
I +  

excitation of the BI + state

u 42

state of H2 at 20 eV impact of H/. Experimental data:

energy. Experimental results: # , ef. 3; 1, Refs. 2 and 24; X,

4, Ref. 3; 1 , Refs. 2 and 24. Ref. 25 (optical); -- , Ref.

Theoretical results: -- Ref. 26 (optical); Theoretical results:

22 (Born); --- , Ref. 22 (Born- +, Ref. 27 (Born); 0 Ref. 27
Ochkur); -, Ref. 23 (distorted (Born-Ochkur); 4 , Ref. 22 (Born);
wave). M , Ref. 22 (Born-Ochkur); x, Ref.

23 (Born); ---, Ref. 28 (semi
classical impact parameter); -4r-,
Ref. 23 (distorted wave), o, Ref.

27 (2 state close coupling)

results all fall into a group and ar larger than the group formed by the
experimental data. For the excitation of the a and c3 utafes the

experimental results (3) are compared with two state ase coupting (29) and
distorted wave (30) calculatons in Figs. 8 and 9, respectively. The close

coupling results for the a 7 state are in good agreement with

experiment at 20 eV, but substgntial differences exist at 30eV. In the caseof the c3, u state the distorted wave and experimental results agree shape

wise but not in magnitude. These and other comparisons of various cross
sections in H2 a R 2 (12, 16) lead us to the following general conclusions

1) The treatment of the nuclear motion by different methods, as far us
vibrational excitation is concerned yields similar results (with the same

potentials); 2) Exchange and polarization effects have to be included in the

interaction potential to get even qualitatively correct results; 3) Born and
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various first order theories yield incorrect angular distributions (although
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FIGURE 8. FIGURE 9.
Differential cross iestions for Differential cross ections for
excitation of the a g state excitation of the ci::u state in
in H2 at 20 and 30 eV 9impact H2 at 20 eV impact .nergy. 6
energies. *, Ref. 3 (experiment); Ref. 3 (experiment); o, Ref. 30
A, Ref. 29 (two state close (distorted wave).
coupling calculation).

sometimes correct integral cross sections by accidental cancelation of low-
and high-angle errors); 4) Further improvements in theoretical methods are
requi red before quantative agreement between theory and experiment can be
achieved. For example, the effect of including more than two open channels
In calculating electronic state excitations by the close coupling method
would be very important.

Recent electron-photon coincidence measurements on molecular targets (31)
indicate that information at a deeper level than DCS can be obtained
concerning electron molecular collision processes. This, like in the case of
electron-atom scattering, will subject the theoretical models to even more
stri ngent tests.
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Abstract. The electron-molecule collision time is usually much shorter

than the molecular rotational period, and the rotational motion may be
treated adiabatically. Then follow a number of useful relations between
cross sections for different rotational transitions. These relations are
independent of the interaction potential or the collision dynamics. In
some cases to be discussed these relations must be modified or abandoned.

Most results apply also to collisions of molecules with positrons, atoms,

and ions and to molecular photoabsorption and photoionization.

1. INTRODUCTION

An electron that penetrates molecular gas loses its kinetic encrgy by exci-
ting the internal motion of the molecules. When the electron energy becomes

low, the main energy-loss mechanism is rotational-vibrational excitation in
electron-molecule collisions. Therefore, rotational-vibrational transitions

are important in any branch of physics in which the behavior of secondary
electrons plays a significant role, e.g., in the physics of gas discharges, in
radiation physics and chemistry, in the physics of the earth's upper atmosphere
ind planetary atmospheres, and so on.

In this article I discuss our present understanding of the physics of rota-
tional motion in low-energy electron-molecule collisions in which rotational-
vibrational transitions and even electronic transitions and ionization occur.

Most of the results to be discussed below apply also to positron scattering,
photoionization, and heavy-particle collision with a molecule.

Many diatomic and linear polyatomic molecules in a 1E state may be regarded
as linear rigid rotators. The molecular wave function may be written as the

product of a vibronic (or vibrational-electronic) wave function and a rotation-
al wave function represented by a spherical harmonic function Y m(f) of the

molecular orientation R. The linear-rotator levels are specified b' two quan-
tum numbers, namely, the magnitude j of the rotational angular momentum j and

its rrojection m onto a space-fixed quantization axis. The rotational levels
are degenerate in m, and rotational transition cross sections are usually aver-

aged over the initial m sublevels and summed over the final m sublevels. The

rotational energies are given by

E(j) = Bj(j+1). (1)

B is the rotational constant, which is inversely proportional to the moment of
inertia of the rotator. B is very small, and is smaller for heavier molecules.
For example, B=7.4meV for H2 , 0.25meV for N2 , 0.17meV for LiF, and 0.008meV for

*Permanent address.
**Adjunct member of staff from April 1984 to March 1986.
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KI.
Because B is small, the rotational level spacings are small. Therefore,

molecules in a gas are distributed over many different rotational levels, most
of which being high-j levels. Then, in a real molecular gas, transitions from
many different initial j to many different final j' are taking place. One has
to take all of them into account in discussing physical phenomena occurring in
a gas.

Experimentally, small level spacings make it difficult to resolve each
rotational transition. Rotational lines in electron-energy-loss spectra, for
example, are resolvable only for H2 and its isotopes, and unresolvable for
heavier molecules. This attaches a particular importance to theoretical inves-
tigations of rotational transitions in electron-molecule collisions.

Another aspect of electron-molecule collisions is that the electron mass is
much smaller than the molecular mass. This leads us to two questions. The
first concerns the small momentum of a slow electron. Can an electron really
give an enough torque to a very heavy molecule and excite (or deexcite) its
rotational motion? The second question concerns the high velocity of the light
electron with even a small kinetic energy. The electronic motion is often much
faster than the rotational motion, and the latter is often separable from any
other motions. Then, what physics of rotational motion emerges from this
separability? When and how this separability breaks down? This article is
mostly concerned with the separation of rotational motion from vibronic motion
and its consequences and limitations [1].

For characterizing the rotational transitions we often use the difference
Aj=j'-j between the final and initial rotational quantum numbers and the dif-
ference AE=E-E'=(k-k'') between the initial and final electron energies.
These physical quantities are useful for practical purposes. For example, an
electron-energy-loss spectrum as a function of AE may be decomposed into dif-
ferent Aj components that we may call P branch (Aj=-), Q branch (Aj O), R
branch (Aj=+1), and so on, as in optical spectroscopy. Physically more rele-
vant quantities, however, are the vectorial differences jt=j'-j and q=k-k'
between the final and initial rotational angular momenta and between the ini-
tial and final linear momenta of the electron, as will become clear later
(Fig.1). These differences are the angular and linear momenta transferred from
the electron to the molecule during the collision.

The rest of this section answers the first question posed above on the small
electron momentum and rotational excitation of heavy molecules. See Fig.2 that
summarizes the total cross sections for electron scattering by several mole-
cules measured by crossed-beam experiments. The total cross sections in this
figure are nearly the same as rotational transition cross sections except for
H2. In the energy region between I and 20 eV the cross sections for molecules

itk kvq

(a) (b)

FIGURE 1
(a) Transfer of an angular momentum Jt to a linear rotator with a rota-
tional angular momentum J. (b) Transfer of a linear momentum q to a rota-
tor from an electron with a momentum k.
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FIGURE 2
Integral cross sections for scattering of electrons by several molecules
obtained by integrating differential cross sections measured by the

crossed-beam technique. All transitions or electronically elastic proc-
esses for KI, CsCl, CsF; vibrationally elastic and 01 v vibrational
excitation processes for HCN; vibrationally elastic processes for HBr,
Co, C02, N2 ; vibrationally elastic, vibrationally and rotationally elas-
tic, or rotational transition j=1-3 for H2. See Ref.(1), p.147 for data

source. (Taken from Ref.(1).)

having a dipole moment D of about 10 debyes are of the order of 10-
13

cm,, those
for molecules with a D of a few debyes are of the order of 10-1

4
cm',

, 
a th

for nonpolar molecules with a quadrupole moment are of the order of 10
-'
5

0 -'

cm
2

These cross sections are huge, and especially so for arge dipole moments,
due to the charge-dipole interaction that decays as r at large electron-
molecule distances r. The charge-quadrupole interaction decaying as r

- 3 
plays

a dominant role in the absence of a dipole moment. These long-range electro-

static interactions depend on the molecular orientation, and give the molecules
an enough torque or angular momentum to change their rotational motion even in

the distant collisions. This makes the cross section huge.

2. ADIABATIC-ROTATION RELATION FOR CROSS SECTIONS

A typical electron-molecule collision time is shorter than 10-
15
s for elec-

tron energies higher than leV. It is much shorter than the characteristic
period (1-10- s) of molecular rotation. Therefore, the molecular orientation
is almost stationary during the collision irrespective of the initial and final
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rotational angular momenta, unless the molecular gas is at extremely high

temperature. Because the molecular orientation is almost fixed, there is hardly

any effect of molecular rotation on the collision dynamics, and the cross

section do AMT(jt;v,v')/dw for angular-momentum transfer jt is independent of

j and j', though it may depend on the initial and final vibrational quantum

numbers v and v' [1].
A rotational-vibrational transition vj -v'j' has contributions from those

angular-momentum transfers it which satisfy the triangular relation of Fig.la.

The contribution from each it is proportional to the angular-momentum-transfer
cross section and to the probability p(jjtj') of finding j' with a magnitude j'
when adding j and jt with fixed magnitudes j and it. Thus it follows that [P]

dc(vj~v'j')/d =: 
t
it p(jjtj')dB AMT(jt;v,v')/dw . (2)

If the molecular rotational motion is initially at rest, i.e., if j-0, then j,

=Jt" Hence, the angular-momentum-transfer cross section do AMT(jt;v,v')/id is
the same as the cross section for the transition vO-v'jt, and we have 11

dc(vj v'j')/d = it p(JJtJ')do(vO-v'Jt)/d "

The quantum mechanical angular-momentum coupling theory leads to a probabi-
lity [21

p(jjtj') = [C(jjtj';O00)]' (4)

in terms of a Clebsch-Gordan coefficient. Equations (2) and (3) are valid also

for classical collisions; in this case the probability p(jjtj') is the classi-
cal Clebsch-Gordan coefficient squared [3,41.

A virtue of Eqs.(2) and (3) is that the cross section is factored into two
parts, one being a known quantity that is independent of the collision dynamics
and the other being dependent on the dynamics but independent of j and j'. The
dependence of the cross section on j and j' is contained solely in the known
probability p(jjtj'). All cross sections de(vj-v'j')/dw are expressible as

linear combinations of those for the transitions from the ground rotational
state. The collision dynamics is most efficiently studied by looking into only

the cross sections do(vO-v'j')/dw rather than all the cross sections
dj(vj--v'j')/dw . Also to be noted is that usually only a small number of units

of angular momentum is transferred in electron-molecule collisions. This
limits the range of summation in Eqs.(2) and (3) over only a few terms, which
is convenient for practical purposes.

We have dealt with the molecular rotation adiabatically, and have seen that

the angular-momentum transfer Jt plays a much more important part in rotational
transitions than the rotational-quantum-number difference Aj.

A relation of the same type as Eq.(3) is satisfied by any physical quantity
that is defined by summing or integrating the differential cross section, with

or without a weight function, over any variables or indices other than j, j',
and jt; both sides of Eq.(3) may be summed or integrated over these variables
or indices to derive an adiabatic-rotation relation for such a physical quanti-

ty. The integral and momentum-transfer cross sections and the rate coeffi-
cient, for example, satisfy a relation similar to Eq.(3).

I have discussed only rotational-vibrational transitions so far. Equation
(3) applies, however, also to the case where an electronic transition or ioni-

zation occurs simultaneously with rotational or rotational-vibrational transi-

tions, provided that both the initial and final states may be regarded as

linear rotators.
The fact that the incident particle is an electron has been used in the

derivation of Eq.(3) only to justify the adiabatic-rotation approximation.
Equation (3) is equally valid for the collision of a molecule with any incident
particle with or without an internal structure, if the rotational period is



Rotational Ikxcitation o'Molecules 97

much longer than the interaction time [5). For example, if the incident parti-
cle is a photon and the outgoing particle is an electron, the process is
photoionization [6].

The differential cross section for photoionization by linearly polarized
light is expressible as

do(vj~v'j')/dw = (40)- 1
o ( v j ~v ' j ' ) [ 1 + B( v j - v ' j ' ) P 2 ( c o s  9)] (5)

in terms of the integral cross section c and the anisotropy parameter i. The
direction 0 , in the Legendre function, of the photoelectron is measured from
the direction of polarization of the light. The differential cross section
satisfies Eq.(3) at any 6 in the adiabatic-rotation approximation. Therefore,
o and ) separately satisfy Eq.(3) with dc/d replaced by o or by Ba . One
may derive from these relations a formula that 8(vj -v'j') parameters must
satisfy. This formula is particularly useful, if a small number of j values
only contribute to the cross section, or if the j and j' values involved are
large (6].

Drozdov first derived Eq.(3) with the probability (4) by introducing an
adiabatic-rotation theory fo,' quantum mechanical collision problems [7]. Equa-
tion (3) is implicit in an expression for electron-molecule collision cross
sections given, e.g., by Hara [8] and by Chang and Temkin [9]. The latter
authors discussed a special case of Eq.(3) to which only one value of jt
contributes. Equation (3) for photoionization was studied by Buckingham et al.
[10] and by Sichel [11]. Fano and Dill [12] detailed the significance of
angular-momentum transfer in a more general context. Discussion of Eq.(3) for
atom-molecule collisions was started rather late without reference to earlier
work and with some detour [13].

3. APPLICATIONS OF THE ADIABATIC-ROTATION RELATION

3.1. High-j behavior
Most molecules in a gas arc usually in high-j states as I have explained in

Sec.1. I have also mentioned in Sec.2 that only small angular momenta are
transferred in electron-molecule collisions. Therefore, a high-j expansion of
Eq.(3) with Ajj fixed at a small value would be useful. Expansion of Eq.(4)
in terms of inverse powers of j after writing j'=j+Aj leads to an expression
[14,15]

p(j,jt,J+Aj) = c[1+(Aj/2j)+O(j-
2
)], (6)

where c is a function oz:ly of Jt and 16j . If we neglect the term of order j-2,
the quantity in the square braccets is independent of jt and may be taken out
of the summation over Jt in Eq.(3). Then, Eq.(3) reduces to a form [6,15]

do(vj-v',j+N)/dw = A(v-v'; IAjI) [ I+( Aj/2j)], (7)

where A, which contains information on the collision dynamics, is a function of
AJi but not of j.
Equation (7) expresses the cross sections for the transitions j-j+Aj for any

high j in terms of a single parameter independent of j. This makes it easy to
take all rotational transitions into account to analyze physical phenomena
occurring in molecular gas.

The two cross sections do(vj~v',j± j 1)/dw plotted versus j approach a
value A(v-v'; Aj ) common to both as ji -, one from above and the other from
below in a nearly symmetric manner.

Figure 3 shows examples of the high-j behavior (7) for electron scattering
by N2 as compared with the j dependence of experimental cross sections (which
have been obtained by use of the technique to be explained in Sec.3.3). The
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FIGURE 3
Example of the j dependence of the differential cross sections for the
vibrational-rotational transitions (v,j)=(O,j)(1,j+Aj). Scattering of
electrons of energy E=2.27eV by N2 into a scattering angle of 60 degrees.
Circles, squares, and crosses show experimental data. Curves show the
results of the high-j formula (7). (Taken from Ref.(6).)

high-j formula (7) is reasonably accurate even for a j value of as small as
five.

3.2. Sum rules
The probability p(jjtjl) is normalized so that, if summed over j', it is

unity. Therefore, summation of both sides of Eq.(3) over j' leads to a sum
rule [7,16)

SO(j) = ij, do(vj- v'j')/dw

- . do(vO-v'jt)/dw = SO) = independent of j. (8)

The rotationally averaged cross jection for the energy loss by the incident
electron is defined by the sum over j' of the product of the transition energy
AE and the cross section. A sum rule

S1(j) = ij, AE(vjv'j')dn(v-v'j')/dw

= Ejt AE(vOv'Jt)do(vO vlJt)idw = 31(0) = independent of j (9)

for the rotationally averaged energy-loss cross section was also derived
[14,17,18] and confirmed [19]. $I(j) includes negative contributions from
rotational deexcitation, if v'=v and j>O (or j>1 for homonuclear diat - .
The positive contributions from rotational excitation, however, overcome the
negative contributions; this is seen by noting that SI(O) is positive if v=v'.
The rotationally averaged energy loss by the electron is always positive for
v<v', unless the electron energy is too low for the adiabatic-rotation approxi-
mation to be valid.

Because the rotationally summed cross section So(j) and the rotationally
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averaged energy-loss cross section SI(j) are independent of j, their Boltzmann

averages <So> and <S> are independent of the rotational distribution or the

rotational temperature T. This result is particularly useful for applications,
Lbecause the average energy loss is now a function only of the electron energy E

rather than a function of two variables E and T.
The average energy-loss cross section is the moment of AE of first order.

Moments of higher orders are discussed in Ref.(5). The principle of detailed
balance transforms the sum rules into those for the sums ver th: initiql rota-

tional state, giving useful information on transitions to a specified rota-

tional state in a further approximation [201.

3.3. Line-shape analysis of' energy-loss spectra
Rotational transition lines in energy-loss spectra have been resolved so far

only for H2 , for which the typical line spacings 4B are about 30meV, and for
D2, for which the typical spacings are 15meV. With the electron spectrometers
now available scattering experiments with energy resolution better than about
10meV are difficult. Therefore, many rotational transition lines for N2 over-

lap each other and form a broad feature because of small line spacings o ImeV.
It is impossible to deconvolute the broad feature to determine the cross sec-
tions for all transitions involved in this feature.

We have seen, however, that not all the cross sections are linearly indepen-

dent. Equation (3) usually reduces the number of independent cross sections to
only a few, and these cross sections may be treated as fitting parameters to
reproduce the shape of the broad feature [14,15,21]. This line-shape analysis
yields the cross sections for transitions from the ground rotational state.
Then, one may use them in Eq.(3) to obtain the cross sections for all transi-
tions. The experimental cross sections shown in Fig.3 were obtained in this
manner [15]. Note that for molecules heavier than the hydrogen the adiabatic-
rotation approximation is valid at collision energies at which crossed-beam
experiments are possible, i.e., at energies higher than about 10-

1
eV.

This line-shape analysis produces meaningful results on rotationally inelas-
tic collisions, only if rotational broadening compared with the apparatus
function is clearly observed in the energy-loss spectrum. The rotational
broadening is appreciable for molecules with a fairly large rotational constant
B. For molecules much heavier than N2, however, the rotational broadening is
unobservable with an energy resolution of about 10meV, and the line-shape anal-
ysis mentioned above does not work.

Read [22] proposed another method of line-shape analysis. He assumed that
most molecules are in such high-j states that cross sections for a given 16j
value are practically independent of j. Thus he could determine the cross
sections in the limit as j becomes large but not low-j cross sections. A
slightly improved method was used by Wong and Dub6 [231 and by Jung et al.(24],
but it is essentially the same as Read's method, and cannot produce low-j cross
sections without the theory discussed in Sec.2. Reference (21) discusses a

relation between Read's method and the method of this subsection.

4. SCATTERING AMPLITUDE IN THE AD)IABATIC-ROTATION APPROXIMATION

In this section I discuss, just for simplicity of notation, purely rotation-

al transitions only and neglect the vibronic motion of the molecule. In he
adiabatic-rotation approximation the rotational motion is separated from the
motion of the scattered electron. In other words the wave function T for the
total collision system is expressed as the product of the wave function Y.m(R)
of the initial rotational state and the wave function of the scattered elec-
tron. Therefore, the asymptotic form of Y is

' [exp(ik.r) + F(k-k';&)r-
1

exp(ikr)1Yjm(s). (10)
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The molecular orientation R in the rotational wave function is a variable, but
that in the scattering amplitude F is merely a parameter. In other words F is
the scattering amplitude for a fictitious collision problem in which the mole-
cular orientation is held fixed during the collision.

The true wave function behaves asymptotically as

Y ,exp(ik.r)Y jm(ft) - z j,,,f(kjmk'j'm')r-lexp(ik'r)Y i m,(ft). (11)

The initial wave vector k is the same for both Eqs.(1O) and (11). The final
wave vcct:'- I,' iz, Eq.(11) depends on the rotational channel. In Eq.(1O), how-
ever, k' is the final wave vector for the fixed-orientation problem. Comparison
of Eqs.(1O) and (11) reveals that the scattering amplitude f in the adiabatic-
rotation approximation follows if FY. is equated to the sum of fYjlm l; we
assume that the spherical scattered waes exp(ik'r) in both Eqs. (10) and (11)
are practically the same in accordance with the adiabatic-rotation approx-
imation. Then, the scattering amplitude f for a transition jm j'm' is a coef-
ficient of expansion of FYjm in terms of the complete set of functions Yj'm';

f(kimk'j'm') = <Yj'm, F(k-k';)1 Yjm>R. (12)

TLis expression was derived by Drozdoi [7] and later by Chase [25].
If the correct k' that depends on the rotational channel is used for the

calculation of F in Eq.(12), I would call it an adiabatic-rotation approxima-
tion in a broad sense. The Born approximation for the scattering amplitude f
follows, if F is calculated to the first-order in the interaction potential.
The Glauber approximation follows, if F is calculated in the eikonal approxima-
tion.

Use of a common k' for all rotational channels greatly sixplifies the compu-
tation of Eq.(12). This is often simply called adiabatic-rotation approxima-
tion, but I would call it that in a narrow sense. In this case the adiabatic-
rotation relation for the cross sections may be proved by using Eq.(12) with no
further approximation [1,7]. In fact the correct relation is slightly different
from Eq.(3). Returning to the general rotational-vibrational transitions, we
obtain

(k/k'v,j,)do (vj-v'j'; 6 )/d

= E t(k/k'vtjt)p(jjtj')d(vO v'Jt; 0 )/dw. (13)

The wave-number ratio on each side is the initial-to-final wave-number ratio
for the process on each side. This factor stems from the expression for the
differential cross section in terms of the scattering amplitude; Eq.(3) actual-
ly applies to the square of the absolute value of the scattering amplitude. We
recover Eq.(3) if we neglect the rotational-channel dependence of the final
wave numbers in Eq.(13), just as we did in the derivation of the adiabatic-
rotation scattering amplitude in a narrow sense.

5. BREAKDOWN OF THE ADIABATIC-ROTATION APPROXIMATION

5.1. Cases of long collision time
The adiabatic-rotation approximation breaks down, if the collision time is

comparable to or longer than the characteristic period of molecular rotation.
This occurs in the following three cases:

(A) For narrow resonances, because the resonance lifetime, which may be
regarded as the collision time, can be longer than 10-

12
s, a typical rotational

period. This occurs for resonance widths smaller than ImeV, and could be a
serious problem in Feshbach resonance regions. Shape resonances, which are
found frequently in low-energy electron-molecule collisions, are usually much
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broader than 1meV, and the adiabatic-rotation theory may be safely applied to
most shape resonances.
(B) Close to a threshold of excitation, because the outgoing electron can be

very slow then. I will discuss this case in Sec. 5.3 into some details.
(C) For small-angle scattering of an electron by a polar molecule in which

purely rotational transitions occur. This case corresponds to distant colli-
sions in which the electron keeps feeling the weak long-range dipole potential,
proportional to r

-2
, for an extended dista,ice along its Liajectory. fhus the

effective collision time is long. In fact the differential cross section
diverges at a zero scattering angle in the adiabatic-rotation approximation in
the narrow sense. I will discuss this case in Sec. 5.2.

5.2. Small-angle scattering by a polar molecule
Case C raises no serious problem with the adiabatic-rotation relation. The

Born approximation is known to apply to this case because of the weak interac-
tion. The scattering amplitude in the Born approximation takes the form of Eq.
(12) in which the correct k' is used. Partly for this reason the differential
cross sections in the Born approximation in this case satisfy a relation

(k/k'v,,)dc-(vj-v'j';q)/d,
=vi (k/k', it)p(jjtj,)di(vO v'Jt;q)/d ( 4)

similar to Eq.(13) but with the same momentum transfer q on both sides rather
than the same scattering angle e. The difference between Eqs.(13) and (14) is
significant in case C. It is negligible, however, at larger scattering angles
where the adiabatic-rotation approximation in the narrow sense is valid. The
difference is also negligible at all scattering angles for nonpolar molecules.
Therefore, Eq.(14) applies to both polar and nonpolar molecules at all scatter-
ing angles from zero to 180 degrees. In this way the momentum transfer q of
Fig. lb is important particularly in case C.

The range 0< 7<1 of integration over the scattering angle to calculate the
integral cross section transforms into the range k-k' j.qk+k' of integration
over the momentum transfer. The latter range differs depending on the rota-
tional channel, in particular a small change in the lower limit, which corres-
ponds to forward scattering, changes the integral significantly for pure rota-
tional transitions of a polar molecule (with a dipole moment D), because the
differential cross section is strongly peaked towards a zero scattering angle.
Near the lower limit of integration we may use an explicit form of the Born
cross section for the dipole interaction; other interactions are negligible
there. We may use Eq.(13) at larger scattering angles. Regardless of exactly
where we switch from the Born approximation into the adiabatic-rotation approx-
imation in the narrow sense, we obtain a relation

o (jj') = zjt#i(k'j/k' )p(iiti ') (0Jit)

+ p(jlj')[ -(0 1)-(8zD'/3k')ln[(k-k.,j)/(k-k, 1)]] (15)

in atomic units. Only the Jt=
1 

term needs to be modified, because this is the
only possible angular-momentum transfer to the first order in the dipole poten-
tial. This term vanishes unless j'=jtl; p(jlj') is (j+1)/(2j+1) for j'=j+l,
j/(2j+1) for j'=j-1, and zero otherwise.

Sum rules for polar molecules follow from Eq.(15) as

So(J) So(O) - (8 D2/3k')[(j+1)ln(j+1)+jlnj]/(2j+1) (16)

$I(j) : SI(O) - 2B(8m D'/3k')[(j+1)Uin(j+1)-j'lnj]/(2j+l) (17)

on the assumption that the wave-number ratios are negligible. Boltzmann ave-
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rages of Eqs.(16) and (17) show temperature dependence

<S0> = <So>T= 0 - J(8 P D'/3k')In(kBT/B) (18)
<S1> = <S>T=O - B(8 ,D'/3k')ln(kBT/B) (19)

for kBT>>B, kB being the Boltzmann constant.
A computational procedure closely related to the discussion in this subsec-

tion has been applied by Norcross, Padial, and Jain to calculate the cross
sections for rotational-vibrational transitions of polar molecules HCI, HCN,
and CO [26]. They use the adiabatic-rotation approximation in the narrow sense
for close collisions (low partial waves) and the Born approximation for distant
collisions (high partial waves).

5.3. Close to excitation threshold
The scattering amplitude is small at energies very close to a threshold of

rotational excitation. This allows the first-order perturbation theory or the
Born approximation to be applied at these energies. Unfortunately, the adia-
batic-rotation approximation breaks down at higher energies than the energies
at which the Born approximation is valid. More sophisticated calculations are
necessary to fill in the gap between the energy regions of applicability of
these two simple methods.

Simple modifications of the adiabatic-rotation approximation in the narrow
sense (ARA) have been considered such that the dependence of the wave number on
the rotational channel may be taken into account. Nesbet [271 has proposed an
"energy-modified adiabatic" approximation (EMA), and Feldt and Morrison [28]
have proposed a "scaled adiabatic-rotation" approximation.

Morrison et al. [29] have studied the breakdown of ARA by comparing it on
electron scattering by H2 with laboratory-frame close-coupling calculations
(LFCC), which should really be done close to a threshold. Figure 4 shows the
percentage deviation of the ARA and EMA cross sections for rotational excita-
tion j=0-2 from the accurate LFCC results. The excitation energy £E is 44meV.
ARA begins to deviate from LFCC at about E=100AE, but the relative error in ARA
is 10% at E=4E and 30% at energies very close to the threshold. The j=1-3
cross section satisfies to a good accuracy the adiabatic-rotation relation (3)
in terms of the j=O-2 and 0 1 cross sections. The deviation from Eq.(3) is

40
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FIGURE 4
Percentage errors of approximate a-H 2 integral cross sections for j=0-2
excitation. ARA: adiabatic-rotation approximation in the narrow sense.
EllA: energy-modified adiabatic approximation (taken from Ref.(29)).
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only 10% at E=2AE (,E=73meV) and 20% at E=1.IAE. On the other hand the accura-
cy of the ARA differential cross sections depends strongly on the scattering

angle. The j=O2 cross section at 0.1eV at a zero scattering angle, for
xanple, deviates from the LFCC result by a factor of three [29].
Extension of the study of the breakdown of ARA to other molecules is highly

desirable, because H2 is too special a molecule; it is a nonpolar molecule, it
has only two electrons, the nuclear charge is small and the potential singular-
ity at the nuclear positions is weak, and the potential field is nearly spheri-
cal.

6. EXTENSION TO NONLINEAR MOLECULES

Linear molecules in non-! states and many nonlinear molecules may be re-
garded as nonlinear rigid rotators. They have three principal moments of iner-
tia. If all of them are unequal, the rotator is callod an asymmetric top. An
example of an asymmetric top is the H2 0 molecule. If two principal moments of
in-rtia are equas, the rotator is a symmetric top, of which an example is the
NH3 molecule. If all principal moments of inertia are equal, the rotator is
a spherical top, of which n example is the CH4 molecule.

Many of the results I have discussed so far in this talk are generalizable
for nonlinear rigid rotators. The sum rules (8) and (9), for example, have

bir ceneralized for all kinds of rigid rotators [17]; the rotationally summed

cross section and the rotationally averaged encrgy-loss cross section are
independent of the initial rotational state, if they ore averaged over the
degenerate initial sublevels.

The adiabatic-rotation relation (3) has been generalized for symm-tric tops

[71 and for spherical tops [15,18]. The result for the latter rotators takes a

form () with a probability

No simple adiabatic-rotation relation for the real cross sections is known for
asymmetric tops, but the complex scattering amplitudes satisfy a relation
similar to but more complicated than Eq.(3) [30].

Muller et al. have used Eq.(20) for line-shape analysis of electron energy-
loss spectra for CH according to the prescription in Refs.(15) and (-') [31].

High-j relation (7) has been generalized for symmetric-top rotators f:2,
but not yet for asymmetric-top rotators.

7. CONCLUSIONS

The adiabatic-rotation theory has a wide applicability in electron-molecule
collisions. It leads to many simple and useful relations for 0ross sections.
There are some cases, however, where this theory has to be either modified or
replaced by more accurate theory. One has to carefully examine in what cases
and how the adiabati--r tation theory from the reality. Although the
relations derived from the adiabatic-rotation theory apply also to photoioniza-
tion and heavy-particle collisions, different modifications have to be made for
different classes of processes when the theory in the simplest form breaks
down. I have not mentioned those references which are closely related to the
present subject but are specific to atom-molecule and ion-molecule collisions.

REFERENCES

1) 1. Shimamura, Rotational excitation of molecules by slow electrons, in:
Electron-Molecule Collisions, eds. I. Shimamura and K. Takayanagi (Plenum,



104 . Shinianiara

New York, 1984) pp.89-189.
2) For example, M.E. Rose, Elementary Theory of Angular Momentum (John Wiley.

New York, 1957).
3) P.J. Brussaard and H.A. Tolhoek, Physica 23 (1957) 955.
4) S.S. Rhattacharyya and A.S. Dickinson, J. Phys. B12 (1979) L521.
5) 1. Shimamura, Zeit. f. Phys. A309 (1982) 107.
6 ) 1. Shimamura, Phys. Rev. A28 (1983) 1357.
7) S.I. Drozdov, Soy. Phys. JETP 1 (1955) 591; ibid. 3 (1956) 759.
8) S. Hara, J. Phys. Soc. Jpn. 27 (1969) 1592.
9) E.S. Chang and A. Temkin, Phys. Rev. Lett. 23 (1969) 3994.

10) A.D. Buckingham, B.J. Orr, and J.M. Sichel, Phil. Trans. Roy. S~.London
A268 (1970) 147.

11) J.M. Sichel, Mol. Phys. 18 (1970) 95.
12) U. Fano and D. Dill, Phys. Rev. A6 (1972) 185.
13) For example, R. Goldflam, D.J. Kouri, and S. Green, J. Chem. Phys. 67

( 1977) 5661 ; V. Khare, J. Chem. Phys. 68 (1978) 4631.
14 1. Shimamura, Systematics in the cross sections for excitation of molecules

by electrons, in: Symposium on Electron-Molecule Collisions, edz. 1.
Shimamura and M. Matsuzawa (Univ. Tokyo, Tokyo, 10)pp.13-30.

15) 1. Shimamura, Chem. Phys. Lett. 73 (1980) 328.
16) S. Alts-huler, Phys. Rev. 107 (1957) 114.
17) 1. Shimamura, Phys. Rev. A23 (1981) 3350.
18) 1. Shimamura, J. Phys. B15 (1982) 93.
19) D.W. Norcross, Phys. Rev. A25 (1982) 764.
20) 1. Shimamura, Progr. Theor. Phys. (Kyoto) 68 (1982) 178.

1)1. Shimamura, Line-shape analysis of energy-loss spectra and photoe'ectr:n
spectra, in: Wavefunctions and Mechanisms from Electron Scattering ProcesE-
es, eds. F.A. Gianturco and G. Stefani (Springer, Berlin, 1984)n.2 -

22) F.H. Read, J. Phys. 85 (1972) 255.
23) S.F. Wong and L. Dubi , Phys. Rev. A17 (1978) 570.
24) K. Jung, Tb. Antoni, R. M~ller, K.-H. Kochem, and H. Ehrhardt, J. Phys. B15

( 1982) 3 53 5.
25) D.M. Chase, Phys. Rev. 101. (1956) 5'38.
26) D.W. Norcross and N.T. Padial, Phys. Rev. A25 (1082) 226; N.T. Palial an.)

D.W. Norcross, ibid. 29 (1984) 1590; A. Jain and D.W. Norcross, lbi i 32
(1985) 134; A. Jain and 13.W. Norcross, ibid., to be Published.

27) R.K. Nesbet, Phys. Rev. A19 (1979) 551.
28) A.N. Foldt and M.A. Morrison, Phys. Rev. A29 (1984) 401.
29) A.R. Feldt and M.A. Morrison, J. Phys. B15 (1982) 301; M.A. Morrison, A.N.

Feldt, and D. Austin, Phy.3. Rev. A29 (1984) 2518.
30) S. Green, J. Chain. Phys. 70 (1979) 816.
31) R. M~ller, K. Jung, and B. Ehrhardt, in: Electronic and Atomic Collisi n.

XIV ICPEAC, Abstracts of Contributed Papers, ads. M.J. Coggiola et al.
( 1985) P-234.

32) I. Shimamura and A.C. Roy, in:Elactronic and Atomic Collisions, XIV ICPEAC,
Abstracts of Contributed Papers, ads. M.J. Coggiola et al. ( 1985) p.21 1 .



FL.KTRO\I( I.D A TMU OtI YLIIOVS
IR C Lorents. IV L. Ve, erhoe J.R. I 'eteo (ceds.) 05
© EI('lrt Sience, hihlishrs B 1 .. 1986

POSITRON (AND ELECTRON) SCATTERING BY ATOMS AND MOLECULE,
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Detroit, Michigan 48202, U.S.A.

In this paper, attention is focused upon recent developments in the
general area of positron-gas scattering experiments, with an emphasis on
the intriguing differences and similarities between the scattering of
positrons and electrons by the same target gases.

I. INTRODUCTION

The study of electron (e-)-atom (molecule) collisions has been a lively
area of research for the past several decades, and has played a vital role in
the development of our present understanding of atomic and molecular physics.
Considering the positron (el) as a complementary probe, the combination of
intriguing differences (opposite sign of the projectile charqe, and absence of
the exchange interaction in the case of the e+) and similarities (same
magnitudes for the mass, charge, and spin) of the e+ and the e- has
stimulate- numerous experimental and theoretical investigations of e+-atom
(molecule) collisions since the development of the first practical low energy
e' beam [1] for scattering experiments in 1972. Some simple theoretical
considerations help to provide insight into the interesting differences and
similarities between e

+ 
and e- scattering from the same atoms and

molecules. The static interaction (associated with the interaction of the
projectile with the Coulomb field of the undistorted atom) is attractive for
the e- and repulsive for the e+, while the polarization interaction
(resulting from the distortion of the atom by the passing charged projectile)
is attractive for both projectiles. The exchange interaction contributes to
e- scattering (due to the indistinguishabilty of the projectile and
electrons in the target atoms) but does not play a role in e+ scattering.
The net effect of the static and polarization interactions is that they add to
each other in e- scattering whereas they tend to cancel each other in e

+

scattering. In general, this results in smaller total scattering cross
seztions for positrons than for electrons at low energies. As the projectile
energy is increased, the polarization and exchange interactions eventually
become negligible compared with the static interaction, and since the static
interaction has the same magnitude for positrons and electrons, the result is
a merging of the corresponding e+ and e- scattering cross sections at
sufficiently high projectile energies. Two additional scattering processes
which occur for positrons are annihilation and positronium (Ps) formation
(real and virtual). Annihilation is not expected [2] to play a significant
role in scattering at the energies which have been used in e+ scattering
experiments (>0.2 eV). However, Ps formation has been found to be an
important factor in e+-gas collisions [3-8].

In a number of ways, e+-gas scattering experiments have been following a
path similar to that followed by early e--gas scattering experiments.
During the first decade of scattering experiments using low energy e+ beams,
attention was focused primarily on measuring total scattering cross sections

(QT) for positrons colliding with room temperature gases, including the
inert gases and a variety of molecules [3-9]. In recent years, as e+ beam
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technology has improved, the first steps have been taken toward directly
measuring the cross sections for the separate processes [10] (including Ps
formation [11-14], atomic excitation [15-17], and ionization cross sections
[17-19]) which contribute to QT, and toward making direct measurements of
differential elastic cross sections (DCS) [20,21] for e+-gas collisions. In
addition, QT measurements for positrons are now being extended to
non-room-temperature gases (the alkali atoms) [22]. One of the side-benefits
of having the e+ experiments retracing some of the steps taken by the
corresponding earlier e- experiments, is that new experimental apparatuses
and approaches developed for positrons are sometimes "tested" by applying the
same approaches to electrons to see if one obtains the "accepted" e-
results. However, it is not always clear which of the sets of e- results
are the "accepted" results, since not all of the discrepancies involving
e-gas scattering measurements and theories have been resolved. The
"testing" of e

+ 
experimental techniques by applying them to electrons thus

provides an incentive for redoing some of the e-gas scattering measurements
which has potential for helping to clear up some of the "unfinished business"
that still remains in that area of research.

Aside from the connections between e+ and e--gas scattering, e+-atom
scattering is intrinsically interesting because it involves interactions of
antimatter with matter. Interest in such interactions has been intensified by
a series of balloon and satellite experiments dating back to the early 1970's
which have detected e+ annihilation gamma rays coming from solar flares
[23], and have also established the existence of a powerful, compact source of
e+ annihilation radiation which appears to be located at the center of our
own Milky Way galaxy [24]. After having been "on" for most of the decade of
the 1970's, the source was observed to turn "off" rather abruptly at the end
of the last decade and appears to have remained "off" through the most recent
observations made in November of 1984 [25]. If the latter source is indeed
located at the galactic center, the observed intensity of the annihilation
gamma ray line would imply an annihilation rate of 103 annihilations per
second which corresponds to approximately 1038 ergs per second in
annihilation radiation which amounts to about 105 solar luminosities. From
the short period of time over which the source was observed to turn off, the
size of the source is estimated to be less than six light-months in extent
which is compact on a galactic scale (considering that the solar system is
approximately 30,000 light-years from the galactic center) [25]. Annihilation
gamma ray observations such as those referred to above can provide
considerable information on the type of environment which exists at the site
of their origin if sufficient information can be obtained on the ways in which
positrons interact with H, H2 , and other atoms and molecules of
astrophysical interest [25-27].

Several comprehensive review papers and progress reports have been
published [3-9] which have included detailed surveys, assessments, and
comparisons of the various experiments and theoretical calculations related to
total cross sections for positrons colliding with room temperature gases.
Rather than attempt a comprehensive extension of such assessments and
comparisons in this paper, we will point out what we feel are some of the most
significant developments in the general area of e+-gas scattering research
including total scattering cross sections for room temperature gases as well

as some of the more recent developments which go beyond that specific area.
Comparisons between positrons and electrons scattering from various gases will
be emphasized in these discussions.

2. EXPERIMENTAL POSITRON BEAM TECHNIOUES

The methods for producing low, and well-defined energy-e+ beams have been

discussed extensively elsewhere [3,5-8,28]. We will just emphasize a few of
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the considerations which we feel are most relevant to e+-gas scattering

experiments. The most widely used e+ source has been 
22

Na, primarily

because of its relatively long half-life (2.6 years) coupled with the

commercial availability of high intensity 
22

Na sources in useful
configurations. Other approaches to obtaining positrons for e+-gas

scattering experiments have included the use of a 55 MeV e- linear
accelerator [1] to produce positrons by pair production, and the use of a 4.75
MeV proton beam of a Van de Graaff accelerator to produce an I

1
C e

+ 
source

[29] by the reaction 1IB(p,n)IIC. A variety of moderators used in either

a backscattering or transmission mode have been found to yield low-energy
positrons with relatively narrow energy distributions when exposed to the
high-energy, broad energy-width fluxes resulting from e+ sources [28].

Two properties of moderators which are of particular interest in e+-gas
scattering experiments are (1) the energy width of the emitted slow e

+ 
beam

(full-width at half-maximum), and (2) the "conversion efficiency" defined as
the ratio of the slow e+ emission rate of the moderator to the total rate of
e+ production by the radioactive source. A moderator with one of the
highest available conversion efficiencies (10

-3
) which can be readily used

in e+-gas scattering experiments, is relatively stable over long periods of
time, and can be exposed to air without appreciable degradation, is annealed
tungsten [30,31]. Although the energy width of the low energy e

+ 
beam

emitted by annealed tungsten in a backscattering mode is relatively broad [31]
(of the order of 2 eV), there are many different types of e+ scattering
experiments which can be performed with such a source without the need for any
further energy monochromatization [14,19,21]. The 

1
1C source referred to

above, used in a self-moderating mode, has a much narrower energy width [32]

(less than 0.1 eV), but it also has a much lower conversion efficiency
(10-6) than an external annealed tungsten moderator. However, for

experiments which demand a better energy resolution, such a moderator has been
found to be very useful [8,33].

Some recent developments in low energy e+ beam technology may have

potential for applications in the area of e+-gas scattering experime-its.
The highest reported low-energy e

+ 
beam intensities up to the present ti,,e

have been produced at Lawrence Livermore National Laboratory (LLNL) and at
Brookhaven National Laboratory (BNL). The LLNL el beam has an intensity of

7 x 109 slow e+/sec instantaneous (2 x 107 slow e+/sec time averaged),
and is derived by moderation (using tungsten vanes) of high-energy positrons
produced by pair production in a tungsten target irradiated by electrons at
the LLNL 100 MeV e- linac [34]. An e

+ 
beam with 107 slow e+/sec has

been produced at the BNL using a reactor produced 
64

Cu e+ source [35].
The 

6 4
Cu is evaporated in situ onto a W(110) substrate prepared by heating

to form a self-moderating source. With a much less elaborate experimental
set-up, an e+ beam of intensity, 5 x 10

5 
slow e+/sec has been generated

by Van House and Zitzewitz [31] using a 
22

Na source and an annealed tungsten

moderator. It has also been found that positrons emitted from moderators are,
in general, polarized [31,36] and a degree of polarization as high as 0.69 +,-

0.04 has been achieved using an MgO moderator [31].
Techniques [8] which have been used for analyzing the energy of e+ beams

are basically the same as those used for electrons, and include the use of
time-of-flight, 900 electrostatic analyzers, a transverse magnetic field
with beam-defining apertures, and retarding electrostatic fields. Methods
which have been used for e

+ 
detection [3,5-8] include (1) observing the two

coincident annihilation gamma rays with two Nal scintillation counters, (2)
observing one or both annihilation gamma rays with a single Nal well counter,
and (3) using a Channeltron electron multiplier (CEM). The CEM has become the
preferred detector in many experiments due to its high e

+ 
detection

efficiency and its relatively small size and ease of use.
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3. TOTAL CROSS SECTION MEASUREMENTS

The basic experimental method used by all of the groups which have measured

QT for positrons is to study the attenuation of the e+ beam as it passes
through a gas scattering region. Under "ideal" experimental conditions, QT
can be obtained from the expression,

I = Ioe-nLQT

where 1o is the detected beam intensity with no gas in the scattering
region, I is the detected beam intensity with gas of number density n in the
scattering region, and L is the path length of the e

+ 
beam through the

scattering region.

Recent review papers and progress reports [3,5-9] have included detailed
discussions of the various techniques used to measure e+-gas QT values and
have also included discussions of nearly all the results (including He, Ne,
Ar, Kr, Xe, H2 , 02, N2 , 02, CO, C02 , CH4, and N20) obtained up
to the early part of 1983.

The qualitative features of the low energy e+ QT curves for the inert
gases are summarized in Fig. 1 where they are compared with the corresponding
e- QT curves. Ramsauer-Townsend effects (minima in QT due to quantum
mechanical effects associated with a net attractive interaction between the
projectile and the target atom) are observed for positrons colliding with the
lighter inert gases (He, Ne, and possibly a shallow minimum for Ar), whereas
the situation is reversed for electrons which exhibit Ramsauer-Townsend
effects only for the heavier inert gases (Ar, Kr, and Xe). Another
qualitative feature of the e+ curves is the dramatic increase in OT at the
thresholds for Ps formation in each of the gases. The e+ curves in Fig. 1
can be used to estimate PS formation cross sections (Qps) (crosshatched
regions) for e+ energies between the thresholds for Ps formation and atomic
excitation, assuming that the elastic scattering cross sections are smoothly
varying as the e+ energy increases through the Ps formation thresholds.
However there is now evidence [37] that such an assumption may not necessarily
be valid. (For a further discussion of Qps, refer to Sec. 5.1).

The e+,--He QT comparison measurements [38] (up to intermediate

energies) shown in Fig. 2 provide a striking illustration of some of the
differences and similarities in e+ and e- scattering. At low energies,
the e+ cross section is about two orders of magnitude smaller than the e"
cross section. This is consistent with the fact that the static and
polarization interactions are both attractive in the e- case, whereas there
is a tendency toward cancellation of these interactions in the e+ case. In
contrast to the large difference between the cross sections at low energies
there is an observed merging (to within 2%) of the e- and e

+ 
results above

200 eV. Although as was mentioned in the introduction, a merging of the e
+

and e- cross sections is expected at sufficiently high projectile energies,
when the polarization and the exchange interactions (for electrons) are
negligible compared to the static interaction, the merging of the QT curves
was not expected to occur at such low energies. The e+ and e- distorted
wave second Born approximation (DW) calculations of Dewangen and Walters [39]
do not merge (to within 2%) until 2000 eV. At 200 eV, where the measurements
of Kauppila et al. indicate a merging to within 2%, the DW e- calculations
are 21% higher than the corresponding e+ calculations. Another curious
aspect of the observed merging of the e+ and e- QT values above 200 eV
is that recent theoretical estimates [40] suggest that at 200 eV, the e-
total elastic cross section is nearly four times as large as the e

+ 
total

elastic cross section. This raises the question of how QT for e+ and
e--He collisions can merge near 200 eV when these projectiles appear to be
behaving much differently with respect to elastic scattering at that energy.
Is there some overriding consideration that governs the merging of e+ and
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FIGURE I
QT curves for low-energy e+-inert gai and e--inert gas scattering. The
arrows, in order of increasing energy, refer to the thresholds for Ps
formation, atomic excitation and ionization for e
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excitation and ionization for e- scattering. (From Stein and Kauppila, Ref.
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FIGURE 2
Comparison of measured e+-He and eg-He total cross sections up to
intermediate energies. The lowest inelastic thresholds for each projectile
are indicated by arrows. (From Kauppila et al., Ref. 38)
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e- QT values at an energy where the separate processes that contribute to
QT may still be exhibiting very dissimilar behavior? It should be noted
that comparison e+,

- 
QT measurements [38,41] for Ne, Ar, Kr, and Xe

indicate a tendency toward a merging but an actual merging of the cross
sections has not been observed at the highest energies studied.

The first QT measurements for e+-N 20 collisions, recently reported by
Kwan et al. [42] are shown in Fig. 3 with the corresponding e- measurements
and with prior (e+,-)-C02 , (e+,-)-N 2 , and (e+,-)-CO QTmeasurements [ 1,44]. It has been known for some time that the isoelectronic
pair, N2 and CO, scatter electrons in remarkably similar ways because of
their similar structure, in spite of their very different chemical behavior.
Since the isoelectronic pair of molecules, N20 and CO2 are obtained by
adding a single oxygen atom to N2 and CO, it is of interest to determine
whether these molecules also exhibit similar scattering characteristics. It
is observed that above 5 eV, the shape and magnitude of the QT results for
both N20 and CO2 are very similar for each projectile. The e- QT
curves are within a few percent of each other above 5 eV, while the e+-N 20
QT results are slightly but noticeably higher than those for the e+-C02
system. Although the differences between the molecules become more pronounced
at the lowest energies, due to the greater role played by the internal
structures of the respective molecules, there are similarities in the
qualitative behavior even at low energies. For e- scattering, there are
prominent shape resonances at 2.3 and 3.8 eV for N20 and CO2 respectively,
and broad maxima around 25 eV for N20 and 30 eV for CO2 . For positrons,
there are also similar features in the QT curves for N20 and CO2 . The
shape resonances observed at low energies in the e- case are absent for e

+

scattering from these gases. The e+ QT'S increase rapidly below 2 eV.
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FIGURE 3
Comparison of (e+,)-N2O, C02 , N2, and CO QT values up to
intermediate energies. The threshold energies for formation of Ps in the
ground and first excited states are indicated by arrows labeled Ps and Ps*,
respectively. (From Kwan et al., Ref. 42)
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Both e+ curves show an abrupt increase at the respective Ps formation
thresholds, suggesting a significant increase of inelastic scattering (due to

Ps formation) at these energies. There appears to be a second increase in the

QT curves for N20 and CO2 about 5 eV above each Ps formation threshold
(see insert of Fig. 3). These latter increases in the QT curves may be
associated with formation of Ps in the first excited state, although recent
experimental investigations [45] of this possibility for CO2 have not
provided evidence of appreciable Ps being formed in the first excited state.

Comparisons between e- and e+ measurements [43,44] of QT for N2 and
CO indicate a very similar situation as has been observed for N2O and CO2
with respect to striking similarities and some small differences in the shapes
and magnitudes of the respective QT curves. For e- scattering, both gases
exhibit shape resonances at low energies and a ree to within a few percent of
each other for e- energies above 10 eV. For e scattering, the shape
resonances are absent and both gases exhibit very similar shapes. An
interesting feature of the curves shown in Fig. 3 that was pointed out by Kwan
et al. [42] is that both of the polar molecules, CO and N20 have noticeably
larger QT's for e+ scattering than the corresponding nonpolar molecules,
N2 and C02 , while the QT's for e- scattering by these two pairs of
molecules are much closer to each other than for e+ scattering. Kwan et al.
[42] have speculated that the larger differences in the QT measurements for
e
+ 
scattering than for e- scattering by N20 and CO2 and by N2 and

CO, may result from the permanent dipole moments of N20 and CO having a
greater effect on e

+ 
scattering.

As an illustration of some possibly "unfinished business" in e--atom
(molecule) scattering measurements alluded to in the introduction to this
paper, which can be encountered when e+-experimenters redo e- scattering
measurements to "test" their e+ apparatuses and techniques, the QT
measurements of Kwan et al. [42] for low energy e--N 20 collisions are
shown in Fig. 4 with prior measurements. It is interesting to see how similar
the three sets of measurements are away from the peak of the shape resonance,
hut how different they are in the vicinity of the peak of that resonance.
This is not an isolated case, as the low energy e--C0 2 and e--CO QT
curves in Refs. 43 and 44 respectively, show. In all three cases, the
measurements of the Wayne State University group [42-44] are higher than the
other measurements in the vicinity of the peak of the respective shape
resonances and in better agreement with the prior measurements away from the
respective peaks. One possible explanation for a discrepancy of this type
would be that small angle scattering becomes more pronounced in the vicinity
of the peak of the shape resonance, and the lower results are being influenced
more by a lack of sufficient angular discrimination, but we have no basis at
this time for suggesting that this is indeed the explanation for the observed

experimental disrr-pancies.
The first QT measurements for positrons colliding with a

non-room-temperature gas (potassium) have recently been reported by Stein et
al. [22] using a thermally isolated oven as the scattering cell (shown in Fig.
5) in a beam transmission experiment. Determinations of (1) the attenuation
of the beam by the K vapor, (2) the number density, n, of K atoms in the oven,
which is obtained by measuring the oven temperature at three different
locations in the oven walls and in the oven's interior and by using published
vapor pressure data, and (3) the path length, L, of the projectiles through
the oven, are used to obtain absolute QT values. A unique feature of
e+-alkali collisions is that since the alkalis all have ionization
potentials less than the binding energy (6.8 eV) of Ps in its ground state, an
e
+ 

with arbitrarily small kinetic energy can form Ps. Another
distinguishing feature of the alkalis is that their polarizabilities are
considerably larger than those of any of the gases which have been studied for
nositrons. QT values for e+-K collisions [22] are shown in Fig. 6 along
with theoretical estimates of the elastic cross sections [46,47] (QE), and
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Qps [47], and for comparison, the corresponding e- QT results. The
direct comparisons of el and e--K QT values indicate that the e+ QT
values are lower than the e- values from 5 to 50 eV, but it is intriguing
that they are closer to the corresponding e- values (within 25%) over this
energy range than has been the case for any other gases for which such
comparisons have been made. The measured e+ QT values are more than twice
as large as the theoretical estimates of QE by Bordonaro et al. [46] at the
only energy of overlap (5 eV) and are more than five times as large as the
theoretical estimates of QE by Guha and Mandal [47] at all energies of
overlap. The discussion above suggests the possibility that for positrons
between 10 and 50 eV, excitation or perhaps ionization (for both of which no
measurements or calculations of cross sections yet exist for K) may make the
major contribution to QT (as is the case for e--K collisions [48]).

One possible interpretation [22] of the proximity of the e+ and e- K
QT results at low energies is that the polarizability of K is so large that
it could be overwhelming the static interaction at the low energies used in
these experiments, even when dynamical (non-adiabatic) effects [48] are taken
into account. As a result, the tendency of the static and polarization
interactions to cancel each other in the case of el scattering and to add in
the case of e- scattering may not differentiate between these projectiles to
the same degree for K as it does in scattering from targets of much lower
polarizability. Extending this train of thought, there could be a diverging
of the e+ and e- QT values at intermediate energies due to a more
complete cancellation of the polarization and static interactions in the e+
case (in contrast to an addition of these interactions in the e- case) where
the polarization interaction diminishes to become more comparable in magnitude
to the static interaction. Finally, at sufficiently high energies where the
polarization interaction has become relatively insignificant, the e+ and
e- QT values would be expected to merge and would be given by the first
Born approximation.

4. DIFFERENTIAL SCATTERING CROSS SECTIONS

The first measurements of differential cross sections (DCS) for positrons
were reported by Coleman and McNutt [20] for the elastic scattering of 2-9 eV
positrons by Ar for angles from 20-600, using a time-of-flight (TOF)
spectrometer shown schematically in Fig. 7. In their experiment, slow
positrons pass through a 1-cm-long gas cell and then travel approximately 25
cm through an evacuated straight flight tube in a strong axial magnetic field
to a detector (Channeltron electron multiplier). The larger the angle through
which an e+ is scattered in the gas cell, the longer its TOF will be in the
axial magnetic field, and it is this correlation that is used to determine
DCS's for positrons. The DCS's measured by Coleman and McNutt for e+-Ar
collisions are compared with the calculations of Schrader [50] (solid lines)
and "scaled-down" calculations of McEachran et al. [51] (broken lines) in Fig.
8. The agreement between experiment and theory is reasonable.

Direct measurements of relative DCS's for the elastic scattering of
positrons (and electrons) by Ar have recently been reported by Kauppila et al.
[21] using a differentially-pumped crossed-beam scattering system shown in
Fig. 9. The scattering occurs in a "field-free" region where the projectile
e+,- beam passes through a target gas beam (effusing from a multi-channel
capillary array source) and the scattered positrons are detected at angles
ranging from 30 to 1350. The retarding elements preceding detector #2 are
used to reject any inelastically scattered positrons. Detector #1 is offset
from the primary beam direction so that it will not respond to any high energy
positrons that may be coming directly from the 22Na e+ source. In order
to obtain relative DCS results, a constant "head" pressure is maintained on
the capillary array atom source and the ratio of the scattered positron beam
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intensity to the primary beam intensity is measured. The initial DCS
measurements of Kauppila et al. for 100 eV positrons and electrons elastically
scattered by Ar are shown in Fig. 10 where they are normalized to prior work
at either 60 or 900 (indicated by an "N" in the figure) and compared with
other experimental [52] and theoretical [53,54] results. The relative shapes
of the respective e+,

- 
results of Kauppila et al. [21] are in good agreement

with the prior results. Unfortunately, the measurements for positrons do not
extend down to sufficiently small angles to provide a check of the structure

Channeltron
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'Co~llimator s

Retarding Elements Lens Elements

Repeller

Channeltron
Detector *1

Gas Beam

FIGURE 9
Experimental setup for OCS measurements. (From Kauppila et al., Ref. 21)
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predicted by the polarized orbital calculations of McEachran and Stauffer [54]
for angles less than 300. However, since the predicted structure shifts to
larger angles for lower e+ energies [54], it should be somewhat easier to
check for the presence of such structure at lower energies. It is also to bp
noted that the shape of the theoretically predicted [54] DCS curve for
positrons at 100 eV is appreciably different from that for electrons [53].

5. INELASTIC SCATTERING JNVESTIGATIONS

5.1 Cross Sections for Ps Formation and Ionization by Positron Impact
In this section we will focus our attention on recent relatively direct

approaches for measuring Qps and ionization cross sections and vie refer the
reader to Refs. 6-8, 10, and 55 for discussions of earlier indirect
approaches. The first direct measurements of the energy dependence of the
ortho-positronium (o-Ps) formation cross section in He, Ar, H2, and CH4
were made by Charlton et al. [11] by passing a slow e' beam through a
scattering chamber and counting triple coincidences from the 3 gamma decay of
o-Ps. Using a higher e+ beam intensity and an improved data collection and
analysis system, Charlton et al. [12] and Griffith [13] have respectively
reported more recent ps values in the noble gases [12] and some molecular
gases [13] from threshold to 150 eV. Their relative measurements were put on
an absolute scale by normalizing to QT - QE below the respective
excitation thresholds.

Experiments have been set up at the University of Texas at Arlington
[14,18,56] and at the University of Bielefeld [19] which can provide cross
sections for Ps formation and for ionization by eo impact. At the
University of Texas at Arlington, Fornari et al. [14], and more recently,
Diana et al. [56] have measured absolute cross sections for Ps formation in
e+aHe, Ar, and H2 collisions using a technique which is complementary to
that of Charlton et al. [11,12]. Rather than detecting Ps formed in a gas
cell, Fornari et al. and Diana et al. detect all the positrons which leave the
gas cell without forming Ps. The earlier approach by Fornari et al. [14]
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employed a TOF spectrometer. In the most recent version of the University of
Texas at Arlington Qps experiments [56,57] (shown schematically in Fig. 11),
some simple modifications were made so that the apparatus could be used
without timing to directly measure Qps. The gas to be studied fills the
entire region between the source and detector (CEM). The constant 210 G axial
magnetic field in the scattering region constrains essentially all positrons
to helical paths that eventually reach the CEM detector. The moderator mesh
to which the potential that determines the e

+ 
beam energy is applied,

reflects backscattered positrons. The cylindrical retarding field analyzer
permits the accumulation of integral spectra. Qps is calculated using

Qps 
= 
FpsQT/FT

where Fps is the fraction of positrons forming Ps in a given time period,

QT values are obtained from the direct measurements of that quantity by
other groups, and FT is Lhe fraction of incident positrons scattered through
any channel.

The group at the University of Texas at Arlington has used tne same
apparatus as used in their Qps measurements to measure ionization cross
sections [18] (Qion). Qion is determined using

Qion 
= 
FionQT/FT,

where Fion is the fraction of incident positrons that produce ions, which is
determined from counting rates obtained with the CEM potentials set for
counting electrons, QT is obtained from prior QT measurements, and FT is
the fraction of incident positrons that are scattered through any channel.

At the University of Bielefeld, the apparatus shown schematically in Fig.
12 has been used to measure [19] cross sections for the ionization of helium

by e+ impact both with and without Ps formation. The same apparatus is also

used to measure e- impact ionization cross sections. Beam transport is
accomplished by a 200 to 350 G longitudinal maqnetic quiding field and
electrostatic lenses. The scattering tube consists UT d I cm. u;a,. ,, 50 cm

v. MODERATOR
V -- CUT-OFF

ELECTRODE

B1 {23 m FLHT PATH

RETARDING
..- . FIELD

ANALYZER

CEM

FIGURE 11
Experimental set-up for measuring Qps and Qion (From Diana, Ref. 57)
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long glass cylinder lined with a tungsten spiral. In order to extract the
ions, a potential gradient is established in the cylinder by passing current
through the tungsten spiral. The ta-get gas is supplied at the center of the
tube which is differentially pumped at both ends. After leaving the gas
target, transmitted positrons and ions are accelerated and enter an EXB mass
analyzer. The positrons are not strongly affected and pass on toward a
microchannel plate (detector 1) whereas the ions are deflected upwards and
pass through a mesh onto a second microchannel plate (detector 2). The ion
production rate is measured as a function of the projectiles' energy. The
e
+ 

and the ion signals are processed by a time-to-amplitude converter (TAC).
Ions which are time correlated with an e+ originate from ionization without
Ps formation. Uncorrelated ions are due to Ps formation. By counting all
ions produced, e+ impact ionization cross sections, with and without Ps
Formation, (QVion 

+ 
Qps) are measured. To determine absolute values of

(Qion + Qps), a normalization procedure was used where the ratio of the
ion rates produced by e+ and e- was formed and normalized to unity between
200 and 400 eV based upon the known merging of e+ and e- total cross
sections above 200 eV. Then the ratios were multiplied with the e-
ionization cross sections from the literature. One possible difficulty with

this normalization procedure is that although the e+-He and e--He QT
values have been observed to merge near 200 eV, there are indications (refer
to Sec. 3) that the separate processes (inelastic and elastic) that contribute
to QT are not even close to merging at 200 eV, so the assumption that the
ionization cross sections for e

+ 
and e- He impact are merged at 200 eV and

above can be questioned. The cross sections for ionization without Ps
formation, Q+ion, were derived from the MCA spectra using a normalization
procedure essentially the same as that described above. From the difference
between (Q+ion + QPs) ane Qion, Qps was obtained.

Measurements [12,14,19,56] of QPs for e+-He collisions are shown in
Fig. 13 along with a recent polarized orbital calculation [58]. There is
reasonable agreement between the measurements of Fornari et al. [14], Diana et
al. [56], and Sinapius et al. [19] below 46 eV, while above 40 eV, the

FIGURE 12
Schematic diagram of the apparatus used for measuring e

+ 
and e- impact

ionization cross sections. (From Sinapius et al., Ref. 19)
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measurements of Diana et al. are somewhat higher than those of Sinapius et a].
The measurements of Charlton et al. [12] are much lower than the measurements
of the other groups over most of the energy range. The polarized orbital
calculation of Khan and Ghosh [58] agrees quite well with the measurements of
Sinapius et al.

Measurements [17-19] of e+ impact ionization cross sections without Ps
formation (Q+ion) for e+-He collisions are shown in Fig. 14 along with a
theoretical calculation [59] of Q+ion and measurements [60] of e- impactionization cross sections, Q-ion- The preliminary results of Sinapius et
al. [19] shown in Fig. 14 indicate that Q'ion is significantly higher than
Q~ion below 200 eV. This is in contradiction to Sueoka's results [17] forQVion which are close to the values of Q-ion. The calculations of
Basu et al. [59] (approximations DW2 and FBA in Ref. 59) agree well with the
data of Sinapius et al. [19].

A comparison of the results of Sinapius et al. [19] shown in Figs. 13 and
14 indicates [19] that below 50 eV, He impact ionization is dominated by Ps
formation. The cross sections for both reaction channels that lead to
ionization reach roughly the same maximum value (0.4 x 10-16 cm

2
) but at

different energies (40 eV for Qp and 90 eV for Q'ion).
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FIGURE 13 FIGURE 14
Ps fcrrition cross sections (Qps). Positron impact ionization cross sec-
Symbols: closed circles - Sinapius et tions without Ps formation (Q+ion).
al. [19], inverted triangles - Fornari Symbols: closed cirles - Sin3pius et
et al. [14], normal triangles - Diana al. [19], diamonds - Sueoka [17],
et al. [56], squares - Charlton et al. triangles - Diana et a]. [18], dash-dot
[12], dash-dot curve - Khan and Ghosh curve - Basu et al. (DW2) [59], solid
(polarized orbital calculation) [58]. line - Montague et al. (Qion) [60].
(From Sinapius et al., Ref. 19) (From Sinapius et al., Ref. 19)
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5.2 Excitztion Cross Sections
Using the TOF apparatus shown in Fig. 7 (the same apparatus used for

measurements of differential cross sections), Coleman and Hutton [15] have
obtained lower bounds on total excitation cross sections for 23-31 eV e+-He
collisions. Well-defined secondary peaks were observed in the TOF spectra
corresponding to e+ which have lost 20.6 eV of energy and have been
scattered in the forward direction at angles less than 700. At incident
e+ energies above 30 eV, a secondary peak associated with ionization
overlaps the excitation peak, making it difficult to assign excitation cross
sections. According to the interpretation of Coleman and Hutton, the
secondary peak corresponding to a 20.6 eV energy loss indicates that in the
projectile energy range from 23 to 31 eV, the total excitation cross section
is dominated by excitation of the 2

1
S state and that there is appreciable

small angle scattering associated with this excitation process. However,
there is some question [61] as to whether a significant part of the signal
observed by Coleman ind Hutton could be associated with the 2

1
P state and/or

with appreciable elastic scattering at an appropriate angle. The work of
Coleman and Hutton was extended to Ne and Ar and lower bounds on "excitation
plus ionization" cross sections have been measured for He, Ne, and Ar [16].
Sueoka [17] has extended the technique of Coleman and Hutton to obtain
excitation cross sections in He to 120 eV by employing retarding field
analysis to discriminate against positrons losing energy through ionization.

A possible partition scheme [62] for QT in He is shown in Fig. 15. The
QT curve (labeled Qt t in Fig. 15) is a smoothed line through ava'lable
experimental data [6. The total elastic cross section (Qel) is
extrapolated from below the first inelastic threshold (17.8 eV) to match
calculated values [63] for energies greater than 150 eV. Qps in Fig. 15
represents the smoothed data of Forndri et al. [14]. Qi on is the total
ionization cross section for e--He scattering [60,64]. Up to the )roken
vertical line, the Q+ion measurements of Sueoka [17] agree with the e-
values to within experimental uncertainties. Qex is the total cross section
for the singlet excitation of He by e- impact [62]. Contributions to Qex
from triplet excitations are neglected since they proceed primarily via
exchange, which is absent in e+ scattering. The vertically hatched region
is the IS - 2S excitation cross section measured by Sueoka [17] and the
black region is the same cross section measured by Coleman et al. [65].
Finally, the horizontally hatched region is based on the experimental values
for the total cross sention for excitation + ionization of Coleman et al.
[65]. The partitioning scheme shown in Fig. 15 suggests [62] that considering
the experimental uncertairties, the partial cross sections shown in Fig. 15
essentially add to give a result close to the directly measured OT values
[6], suggesting a consistency between the measured QT values and the partial
cross sections shown in Fig. 15. The Qps values of Charlton et al. [12] on
the other hand would not lead to such a consistency.

6. SOME FUTURE DIRECTIONS

In the area of e+ QT measurements, atomic hydrogen has not yet been
studied experimentally. This system is of particular theoretical interest
because of the relatively simple structure of atomic hydrogen. Positron-H

QT measurements present a challenge to experimenters because of the
difficulty of producing sufficiently intense low energy e

+ 
beams coupled

with the difficulty of producing an atomic hydrogen gas target with a
sufficiently high number density. In addition to the intriguing possibility
of making direct comparisons between e+-H and e--H scattering in the same
experimental system using the same technique, there would be definite interest
in searching for scattering resonances for this system, since such resonances
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have been predicted to exist for e+-H scattering just below the n = 2 atomic

excitation threshold [66] and associated with the first excited state of Ps in
the e+-H system [67]. Up to the present time, there have not been any
experimental observations of e+ scattering resonances. Stein et al. [33]
have used their narrow energy width (<0.1 eV) e+ beam in a transmission
experiment to search for e+ scattering resonances over 1.0 eV ranges

centered near the Ps formation threshold (9.0 eV) and the lowest atomic
excitation threshold (11.5 eV) for Ar and near 20.375 eV in He (above the Ps
formation threshold and just below the first singlet excitation of He) where
some possible theoretical evidence of a resonance in the e+-He system has
been provided by Ho and Fraser [68]. However, up to the present time there
have been no observations of e+ scattering resonances. Positron beam
technology has improved to the point where it should be feasible to measure
e+'H QT values, and search for resonances, using standard techniques for
producing atomic hydrogen.

There is clearly much more work to be done in measuring QT values for
e+-alkali metal atom collisions, since the only such atom which has been
studied thus far for positrons is potassium [22]. Lithium and sodium, being
relatively simple in structure, would be interesting candidates for e+ QT
measurements from a theoretical point of view. It would be of interest in the
case of the other alkali atoms (besides K) to see to what extent (if any) the
tendency is present for the e+ and e- QT values to be close together
over the entire energy from a few eV up to 50 eV as it is in the case of K.

In the area of differential scattering cross section measurements, it would
be interesting to see if critical points [69] (minima in the differential
scattering cross section where a small change in either the incident electron
energy or the scattering angle is associated with an appreciable increase in
the differential scattering croes section) exist for e+-atom scattering as
tney do for e--atom scattering. Wadehra et al. [70] have theoretically
predicted that critical points exist for the elastic scattering of low energy
positrons by Ar, Kr, and Xe, between I and 2 eV and between 950 and 960

and have demonstrated that these points arise due to low-energy diffraction
effects. A determination of the critical points could provide a sensitive
test for the atomic potential used in the calculations, and an experimental

verification of the critical points for heavier atoms could provide a means
for improving our knowledge of the atomic potentials for these atoms which are
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generally not known very accurately [70].
Now that the first steps have been taken towards making direct measurements

of Qion, it would be of interest to investigate the threshold behavior for
ionization by electrons and positrons in view of the prediction by Geltman
[71] that there is a very large difference between the threshold behavior for
atomic ionization by e- and e impact. The experimental approach
developed by the University of Bielefeld group [19] may be suitable for
conducting such investigations in the future.
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THE COULOMB THREE-BODY PROBLEM : THE ELECTRON HYDROGEN SYSTEM

Erich WEIGOLD

Flinders University of S.A., Adelaide, South Australia, 5042.

Triple differential cross sections for the ionization of atomic hydrogen in
the intermediate energy regime are discussed in terms of theoretical
approximations based on the Born series (BI, B2, EBS, and DWBA) and on the
multiple scattering expansion (DWIA). First order plane wave theories are
incapable of describing the data, and the inclusion of higher order effects
is essential. The impulse approximation works very well in the high momen-
tum transfer region, whereas the Born series approach works best in the
region of very small momentum transfer. Some fundamental difficulties re-
main in the intermediate region.

1. INTRODUCTION

The ionization of atoms by electron impact is one of the most interesting
processes in the field of atomic collisions. Besides being a process of great
interest in plasma physics and astrophysics, it has led to the development of a
new spectroscopy - electron momentum spectroscopy - which has yielded a much
deeper understanding of the structure of atoms and molecules. It also provides
an extremely interesting and challenging problem in the basic understanding of
collision problems. The breakup channel exhibits all the difficulties of many-
body scattering theory coupled with the special problems of the infinite range
of the Coulomb interaction.

The most detailed information on the dynamics of electron impact ionizing
collisions is obtained by means of the triple differential or (e,2e) cross
section, in which the kinematics are completely determined. The energy Eo of
the incident electron is known, and the energies EA and EB and directions of
motion (NA,@A) and (OB,B) relative to the incident direction are determined
for the two emitted electrons. The experiments may conveniently be divided in-
to two br ad kinematic regimes, depending on the magnitude of the momentum
transfer K = Zo - kA, where electron A is conventionally assumed to be the
"scattered" electron with EA _ EB .

First we have the regime of high momentum transfer (K Z 6 a.u.) between the
"scattered" electron and the target. The most important class of experiments
in this category are those using symmetric kinematics, i.e. EA = EB and
OA=GB=G at high incident energies. These high momentum transfer experiments
are dominated by close encounters between the incident and struck electron and
they yield structure information on the target and ion in the form of target
electron momentum probability distributions and electron separation energy
spectra. They are sometimes referred to as binary (e,2e) experiments or
electron momentum spectroscopy (EMS)(1).

The other broad category of (e,2e) collisions consists of those having low
momentum transfer. Such collisions dominate the total ionization cross section.
These experiments generally involve asymmetric kinematics in which EA - Es and
OA << OB. At high incident energies and eA 0, kA * ko, K - 0, these experi-
ments, known as dipole (e,2e) experiments, also give structure information(2 ).
In the limit as K-O these experiments simulate photo-electron spectroscopy,
with the absorbed photon having energy "hv" = Eo-EA.

Measurements of the triple differential cross section in the asymmetric
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regime provide a fundamental testing ground for various theoretical approaches
to the ionization problem. These experiments were pioneered by Ehrhardt and
coworkers( 3 ), who have produced extensive measurements of the triple dif-
ferential cross section for helium as well as some other targets. With a tar-
get of atomic hydrogen the ionization problem is greatly simplified, since the
bound-state wave functions are known exactly, as are the two-body potentials
within the three-body system. We have a pure three-body problem with known
forces, namely the three-body Coulomb problem. Unfortunately it is difficult
to formulate the Coulomb three-body problem in a way that leads to a manifestly
-convergent approximation scheme for ionization.

The detailed understanding of electron impact ionization of ator-ic hydrogen
is therefore of great fundamental interest. It provides the simplest testing
ground for any theory of ionization, and provides a tool for investigating any
general three-body theory involving the electromagnetic interaction. In prac-
tical terms, the major theoretical thrust required in improving our under-
standing of the ionization process must be concerned with developing a better
description of the incident channel, of the three-body final state, and of the
collision process.

2. THEORY

2.1 Electron-Hydrogen Scattering
In order to describe even the first of the above three aspects of the ion-

ization problem we must be able to describe electron-hydrogen scattering. It
is outside the scope of this review to discuss in detail the progress achieved
in this problem, which of course is also a three-body problem. However, it is
relevant to point out that our understanding is still incomplete, especially in
the intermediate energy region. For instance the coupled channel optical model
(CCO) method of McCarthy and coworkers(4) is one of the most ambitious theoret-
ical approaches to electron-hydrogen scattering. In CCO method the set of
reaction channels (defined by the target states) is divided into two sets P and
Q projected by operators P and Q. The discrete set P is treated by solving the
coupled integral equations of the momentum representation using the electron-
electron potential operator

v(Q ) = v(l+(-)SPr) + v(l+(-) SPr)Q - Q(+(-)SPr)V , ()
E( -H

where v is the actual electron-electron potential, S is the total spin, Pr is
the space-exchange operator and H is the Hamiltonian for the scattering problem.
The last term in (1) is a complex polarization potential for which (1) gives a
formally-exact rearrangement of the scattering problem for states in the P set.
It mainly takes care of ionized channels, which are treated approximately by
integrating over the kinematic degrees of freedom using the second-order
approximation with the screening correlation. This treatment, unlike methods
that treat the continuum as a set of normalized pseudostates, gives a good des-
cription of the total reaction (inelastic plus ionization) cross section.

Figure 1 shows the calculated differential cross sections at 54 eV for elas-
tic scattering and excitation of the n=2 states(4) compared with the measured
values of Williams(5,6) and in the case of elastic scattering also with the
measurements of Lloyd et al(7). The agreement appears to be excellent. How-
ever, I should point out that for elastic scattering the theory has been norma-
lized to the data, the theoretical cross sections being too large by a factor
of about 1.2. In addition for the excitation of the 2p state the calculation
gives the wrong values for the X and R parameters for angles greater than about
600. Other approaches, such as coordinate space coupled-channels calcu-
lations(8) and calculations using pseudostates to mimic the effects of higher
energy channels (e.g. ref. 9), give results in similar disagreement with



' C ob Thrce-Bo P !roro!ni 27

. 54.42eV e-H
Is 2s 2p

t 10

"'- 41, 1o62 --

o0L 1;20 18 0 60 o 12 8o0 0 120 18C
Scotter~ng angle (degrees)

FIGURE I
The coupled channel optical model (ref 4) cross sections for elastic and in-
elastic electron scatterinq of 54 eV electrons fro etmc hydrogen compared
with the data of Williams(5,6) (e) and Lloyd et alT7) (x).

experiment. The large angle \, and R parameters describing the excitation of
the 2p magnetic substates depend sensitively on the details of the approxi-
mation used. However, it is rather surprising that there is significant dis-
agreement between the calculated and measured absolute elastic cross sections.
It is obviously important to repeat the experiments. New independent measure-
ments we are making at Flinders, although only preliminary, support the earlier
measurements. The new measurements concentrate on measuring accurately the
ratio of n=2 excitation to elastic scattering, since this ratio can be measured
more accurately than absolute cross sections, Therefore I believe it is still
too early to say that this relatively simple part of the ionization problem is
completely understood.

2.2. The (e,2e) cross section
Let me now turn to a discussion of the (e,2e) cross section itself. The

scattering amplitude for the three-body problem of ionization of atomic hydro-
gen is defined byM <(2)

where T is h three-body T matrix for the electron-hydrogen system. The wave
functions +£ indicate incoming and outgoing boundary conditions, respectively.
In order to solve this .mblem we must make approximations to the three-body T
matrix as well as for , - . We can make approximations for T using various ex-
pansions and two-body operators.

For the electron hydrogen problem it is convenient to label the incident
electron-proton system by , the target electron system by 2, and the electron-
electron system by 3. We indicate the incoming electron by the subscript I and
the bound electron by subscript 2.

2.2.1. The Born Series
In our notation the two-body potentials in the system are vI, v2 , and v3

where v is the potential between the incident electron and the ion v is tih
potential between the bound electron and the imnt new i ndeintmrectron
potential. Using the Lippmann-Schwinger equation, the three-body T matrix may
be written in terms of these potentials and the Green's function G for the sys-
tem as
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T = V+VGV (3)

= (V1+V3 )+(vl+v 3 )G(Vl+V 3 ) (4)

where we have partitioned the Hamiltonian such that

V = V1+V3 . (5)

Introducing the Green's function G for the interaction of the target elec-

tron with the proton, we may iterate this equation to produce

T = (v1+V3 )+(v1+v3 )G0(V1+V3 )+(v1+V3 )Go(V1+v3 )Go(v1+v3 )+ ... (6)

which is simply the Born series expansion for the three-body T matrix.
Taking as an approximation to the T matrix the first term of the above ex-
pansion yields the first-order Born (BI) approximation.

The scattering amplitude in this approximation may be written

MBI = AX(- B)VlV 3I ko> (7)

where l is the bougd state of the target, in this case the ground state of
atomic hydrogen. ×?-)(k ) is a distorted wave which in practice may be approx-
imated by a plane wave (plane wave Born approximation) or Coulomb wave
(Coulomb-Born approximation) and k , ko represent plane waves.

Including both first- and second-order terms of the Born expansion in the
approximation to the T matrix yields the second Born approximation (B2)

MB2  AX < ()B)v(vl+ 3 )+(vl+v 3)Go(vl+v3)] 2 o> (B)

The eikonal-Born-series (EBS) calculation attempts the logical extension to
third order in the Born expansion by approximating the third-order Born term in
the scattering amplitude by the third-order term of an eikonal multiple
scattering (Glauber) expansion. The eikonal Born Series has been developed by
Joachain and Byron(10), and applied by them a d coworkers to the triple differ-
ential ionization cross sections in helium 11) and more recently hydrogen
(12,13).

The distorted wave Born approximation (DWBA) which takes the incident and
fast outgoing electron waves in the matrix element(7) to be fully distorted
waves, has also been applied to the calculation of trle ifferential cross
sections for both atomic hydrogen and helium targets

2.2.2. The Impulse Approximation
The multiple scattering series for T qrises from iterating the three-body

equations for finite-range potentials (19 1, and up to second order it is

T = (t3+t2Got 3 )+(tl+t 2Gotl)+tlGot3+t3Got, , (9)

wherc ti is the two-body t-matrix in the three-body space for the interaction
of the pair i (ti=vi+viGoti). In the impulse approximation the three-body T
matrix is approximated by the first order term in (9), that is

T = t3+t1  (10)

The operators in (9) are grouped to show the relationship to the distorted-wave
impulse approximation, which involves some terms up to fourth order.

< ' -) ( ) (-)t t+ >
MBWIA A B (11)

IX(+)( i)- = (l oti)I;i > (12)

Neglecting the proton kinetic energy, the tI term vanishes if X(-)('k ) is cal-
culated with the bare Coulomb potential since it is then orthogonal o 4'2"
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The tI term can also be neglected in the case where we can treat the proton (or
ion) as a spectator in first order. This is generally assumed to be the case
in the kinematic region involving a large momentum transfer to particle 2.
This approximation T t3 which takes the T-matrix to be independent of the ion
coordinates is the binary encounter approximation. The above form of the scat-
tering amplitude, even in the binary encounter approximation, involves a nine-
dimensional integral. Numerical implementation of Eq. (11) involves using the
factorization approximation which yields

M = 4.1t m ><X(-}('a)X(-)(r q)(+)(ro)> (13)

where ' is the ion (proton) recoil momentum k^-A-kB , tm is the half-off-shell
two-body electron-electron Coulomb t matrix with exchange for spin state m, and

, = 1 I (K -kB) and !=
(ko+q) (14)

2.3. Coulomb Three-Body Boundary Cuiitions
The main difficulty with the above approach for Coulomb interactions is the

three-body boundary condition, a problem related to the logarithmic dependence
nf th phase of the screened two-body Coulomb t-matrix on the screening para-
meter?2U). If the three-body wave function is approximated by a product of two
distorted waves, a necessary condition for choosing effective charges to elimi-
nate the logarithmic singularity in the phase has been given by Rudge(21). It
is a constraint on the effective charges ZA and ZB for the electrons detected
at A and B, and the condition is

ZA ZB _ I 1 1 (15)

A+ kB kA kB IkA-kBi

The same result is obtained classically by requiring the energy of the two
effective charges interacting with the ion, but not with each other, to be the
same as the energy of the system of two electrons and the ion with Coulomb
forces between all pairs. However, the asymptotic condition (15) does not de-
fine the effective charges uniquely, and a suitable choice still has to be
made. In the case of hydrogen, wiqh a proton and two free electrons in the
final state, the distorted waves X ( ) are siaply Coulomb waves with the effec-
tive charges ZA and ZB.

The differential cross section is
dE [ If(kA9kB)[2+1f(kB kA)1 2 - Re[ f(kA 'kB )*f (kB 'kA )

]  (16)
dQAdQBdEA

where fk A kB) = (27)-2M,( A k,)e= 2)M(kA,kB)ei

the matrix element M' is equivalent to the direct term of M, and

L(kA,kB) = 2[(ZA/kA)ln(kA/X)+(ZB/kB)ln(kB/X)]

where
X

2 = k2+k2

2.4. Low-order Structure of the Approximations
For extremely asymmetric conditions kB << kA the asymptotic condition (15)

shows that it is reasonable to take ZA = 0 and Z = 1. This solution cores-
ponds to a completely screened fast ("scattered"} electron A and an unsL.reened
slow ("ejected") electron B. Then if we neqlect the kine ic nergy of the pro-
ton the tI term of (11) vanishes since the Coulomb wave X()(kB) is orthogonal
to P2. We can then write the matrix element (11) for the DWIA using the form
(12) for the distorted waves as
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MDWIA <kAkBI(l+to)(1+t2GO)t (l+Got 2 )102k0> (17)

This is the DWIA written as a plane wave approximation with an effective T-
matrix. The second order approximation to this effective T-matrix is just the
second order multiple scattering approximation.

T (2) = t tGttGttGt(18)
DWIA t3+t2Got 3+tlGot 3+t3Got

It is interesting to compare this with the corresponding sum from the second
Born approximation. Again assuming the bare potential on the proton for

XB (k B), we have to second order in the potentials

T (2) v +v G
2BA 3 (v3 v 3 )+V2GoV3+V1Gov3+v3Go (1

This is identical to the second order potential expansion of eq. (18), although
the expansions are differert in third order in the potentials. There are sig-
nificant differences in the numerical implementation of the two approximations.
The second Born approximation utilizes the closure approximation (see ref. 11),
whereas the implementation of the distorted-wave impulse approximation requires
factorization.

3. COMPARISON WITH EXPERIMENT

The asymptotic condition (15) does not determine ZA and ZB uniquely, and a
further constraint is required before a calculation can be made and compared
with experiment. The additional condition that the field strength at the
nucleus be changed only minimally by the introduction of the effective charges
is one constraint that has been used(22,23). This gives effective charges
which differ at every angle. The computation must therefore be done completely
at each angle and energy. This was carried out by Weigold et al(23) in the
DWIA who compared their calculated cross sections with their measurements at
several incident energies. The optical potential used by them to calculate
the incident wave was energy dependent and had polarization and exchange terms
as well as an absorption part.

Since the effective charges appear in the asymptotic region in the com-
bination Zeff/k, for extreme asymmetric conditions kB/kA - 0 and it is sen-
sible to take ZA 0 and ZB = 1. The faster electron sees essentially a neu-
tral atom, which is however in a continuum orbital. This is the approximation
used in the Born series calculations by Byron, Joachain and Piraux 1-13) for
asymmetric collisions, the incident and fast outgoing electrons being treated
as plane waves. In the DWIA the fast outgoing wave is treated as a fully dis-
torted wave. It is generally calculated using the same form for the optical
potential as the incoming wave. Since the potential used by Weigold et al( 2 3 )
was energy dependent, it differed in the incident and exit channels.

Figure 2 shows the coplanar 400 eV relative cross sections of Weigold et al
compared with their DWIA calculations. The solid curve (UWIA-1) is obtained
using ZA = ZB = 1, which kiolates the asymptotic conditions although it satis-
fies it in the limit IkA-BI>>I, i.e. the high energy large angle, symmetric
limit. The curve labelled DWIA-2 is obtained by setting ZA=ZB (since kA=kB)
and using the symptotic condition(15), which in this case uniquely gives angle
dependent effective charges. Since the cross sections shown in figure 2 are
obtained under nearly symmetric conditions, the complete screening approxi-
mation is obviously invalid. The figure shows that DWIA-1 gives a better des-
scription at small angles and DWIA-2 at the larger angles. The plane wave
cross sections are much too large at small 0 and too small at large 0A .

Figure 3 shows the more asymmetric data obtained at 250 eV compared with the
"fully screened" approximation (ZA=O and ZB = 1, DWIA-4) and the totally bare
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The H(e,2e)H cross section at E0 413.6eV, EA-EB-200eV and The calcu-
lated cross sections are: DWIAI~ (2Z 1Zr), . ... DWIA-2 Y 87(ZA=ZB)

---PWIA(x 0.66), and ----- E x~ .35). The data are normalized to
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approximation (Z OZB=1,' DWIA-1). Both OWIA calculations give an excellent fit
to the data, although the "screened" version is somewhat more successful at
largor values os- OA+OB, and th~lunscreened version at smaller OA+

0B.
Smith, Winters and Bransden 17) compared a variety of DWBA calculations with
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the 250 eV, 113.6 eV, and 100 eV data of Weigold et al(23). They employed
local forms for the second-order complex potential and spin dependent exchange
potentials for calculating the incident distorted wave. This potential (and
the one used by Weigold et al in their DWIA calculations) allowed for polariz-
ation of the target and the loss of flux from the elastic scattering channel.
Several different choices were considered for the final-state distorted wave
functions. The wave function for th- slow ejected electron B was always repre-
sented by a Coulomb wave with ZqzI, wlile the fast electron was taken to be:
(1) a Coulomb wave with ZA=I, (2 a fully distorted wave with Z4=0,and 13) ZA
determined by the asymptotic condicion(15) with ZB=1 (ZA=1-kA([kA-kB1)- ). NO
single approximation successfully reproduced the position and shape of the cross
section over the entire angular range.

In both the DWIA and UWBA calculations an overall comparison between all the
data and the calculations indicates that for angles where the sum 9A+6B is
small, the completely unscreened model with ZA=ZB=I gives the best fit to the
data, whereas where eA+0 is large the completely screened model (ZA=O) works
best. On purely physical grounds this appears a somewhat surprising result.
It might have been expected, especially as EA>>E B that when the two final-state
electrons leave after ionisation in approximately the same direction the slower
electron would largely 'shield' the faster electron from the charge of the pro-
ton. As the angle between the two electrons increases the 'shiel'ing' of the
faster electron should reduce, until when the electrons move in opposite
directions they both 'see' the full charge of the pruton. The exact opposite
is observed. The use of asymptotic arguments to determine electron wave
functions in the small r region is obviously not correct. The effective charge
must vary with distance as well as angle.

A large range of more asymmetric experiments at 250 eV was carried out
recently by the Flinders group(24). In thesr experiments the slow outgoing
electron was detected at energies EB of 5, 1., and 14 eV for scattering angles
0A of the fast outgoing electron of 30, 50 a'd PR Although the data are not
absolute, relative normalization between the different energies EB and angles
eA is maintained. Thus the data need be normalized to the cross sections given
by the various theoretical approximations at only one point when compared with
theory. A selection of the data is shown in figures 4 and 5 where they are com-
pared with the Born series calculations of Byron, Joachain and Piraux12), and
various impulse approximation calculations. The data show the typical structure
observed for igzation of atoms from S states, such as that observed by
Erhhardt et al 1) from helium, namely the triple differential cross section is
characterized by the presence of two lobes. These are usually referred to as
the binary and recoil peaks. The binary peak is located in a direction close
to the momentum transfer direction, and the presence of the peak can be attri-
buted to binary collisions between the incident and ejected electrons. The re-
coil peak is observed in a direction roughly opposite to the momentum transfer
direction, and can be attributed to collisions where sigoificant momentum is
transferred to the recoiling ion. If the ejected energy EB and the momentum
transfer K are reasonably large, the recoil peak is very small.

In figure 4 the data are normalized to the 82 calculation at EB = 10 eV and
0A = 50 (solid curve). The EBS result is shown by the dot-dash curve and BI by
the dashed curve. The EBS and second Born calculations give an excellent des-
cription of the position and relative magnitudes of the "binary" peak. They
also give a good fit to the recoil peak for the case of lowest momentum trans-
fer (K = 0.27 a.u.) i.e. EB = 5 eV OA = 3'. For higher momentum transfer, the
magnitude of the recoil peak is somewhat underestimated.

In contrast to the Born approximation, which is expected to be most accurate
for the low momentum transfer situations, the impulse approximation is expected
to be most valid for the large momentum transfer situations, i.e., close elec-
tron-electron collisions. In the experiments of Lohmann et al(214) the momentum
transfers were about an order of magnitude below those for which the impulse
approximation was designed. Nevertheless they compared their data with a number
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Polar diagrams of the differential coplanar asymmetric (e,2e) cross sections
measured for atomic hydrogen at E^ 

= 
250 eV with EB = 5 eV and "A 

= 
3'

, 
5' and

8' and EB = 10 eV and nA = 5' (re?. 24). Data has been normalized to the sec-

ond order Born calculation at EB 
= 

10 e'V, 'oA = 5'. Calculated cross sections
are - - -, first-order Born approximation - , second-order Born approxi-
mation; .iagrs f eikonal Born series (Ref. 12). erioss sections are in atomic

units.

of DWIA calculations (fig. 5). In all their calculations the distorted wave
for the slow electron (B) is a Coulomb wave with a bare charge, and the inci-
dent wave is obtained by using the ground state average potential (including
exchange). The distorted wave representing the fast outgoing electron is cal-
culated in three different ways: DWIA-I in the same way as the incident elec-
tron (solid curves); DWIA-Il as a plane wave (short dashed curves); and DWIA-
III as a Coulomb wave. Also shown is a PWIA calculation, which does not give
rise to a recoil peak since the IA does not include ion coordinates directly.
The effect of the ion enters through the distorted waves as shown in Eq. (17).

The DWIA calculations give a surprisingly good fit to the data. The DWIA-I
approximation, which takes ZB = I and calculates the distorted wave for elec-
tron A in the groundstate potential of the atom is the most successful of the
approximations.

It appears therefore that the EBS method and the DWIA can both describe the
main features of the asymetric triple differential cross sections. In fact
the DWIA appears to do rather better in describing the relative magnitudes of
the binary and recoil peaks. The two methods differ significantly, however, in
the absolute magnitudes of the cross sections, the DWIA cross sections being
generally smaller than the B2 and EBS cross section by a factor of about 3. It
is interesting to note that the DWIA cross sections are very much smaller than
the first order PWIA cross sections (by a factor of about 20), whereas the B2
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FIGURE 5

Polar diagrams of the differential coplanar asymmetric (e,2e) cross sections
(ref. 24) measured for atomic hydrogen at E0 = 250 eV with Eo = 5, 10 and 14eV

and f)A = 3', 50, and 80. Data have been normalized to DWIA-1 at EB = 10 eV sd
"A = 50. Calculated cross sections are ....-, DWIA-I; , DWIA-II;

.. , DWIA-III (fast electron respectively a fully distorted wave, plane
wave, and Coulomb wave); ..., PWIA.

and EBS cross sections are only a little smaller than those given by their cor-
responding first order term, namely B1. This suggests- not unexpectedly, that
in this kinematic regime the Born series expansion is likel,' to be much more
reliable. The DWIA results obviously depend extremely sensitively on the de-
tails of the distorted waves used in the calculation. Absolute measurements
are obviously required to clear this up.

Ehrhardt and coworkers(25) have recently reported some very interesting
asymmetric triple differential coss section measurements for atomic hydrogen
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at E= 250 eV, E + 5 eV and OA 3', one of the cases studied by Lohmann et
al(2 ). The new feature in their measurement is that they normalize their
cross section by an extrapolation to the optical limit. At high enough inci-
dent energies and in the limit K -0, electron impact ionization simulates
photoionization and the first 3orn approximation is a good description. From
equations (7) and (16) the first Born TDCS (ignoring exchange) is given by

d
3
aBl - kAkB kAkB (

dQAd(?BdE k- IfBl(kAk )1
2  k o K( B

where () (1where = <C r2)1 exp(iZ- 2)1i 2> (21)

The term in Vl( -rj3 ) does not contribute because of the ortho -ality of the
initial and final target states. This quantity, which can be readily evaluated,
can be expressed in the form

M(iJB) =n A ( ,k K)Kn , (22)B n=l n B' B'

where the coefficients A are linear combinations of Legendre polynomials. in
the limit of small momentum transfer fBl behaves likes K-1, reflecting the fact
that at small momentum transfers ionization is mainly into continuum p states.
Considering only the intensities parallel or antiparallel to the momentum
transfer direction k,

43 kAkB
d kK = koK (ao±alK+a2 K2:a3 K

3
+ .... ) (23)

where , signs correspond to the parallel and antiparallel directions respec-
tively.

The Born triple differential cross section can be related to the generalized
oscillator strength by (26)

k
df d3K2 0 EB+ (24)
dE A d 3 +K z 2

Relative values of ai up to i=5 are obtained by Ehrhardt and coworkers by
fitting expression (23) to relative values of the generalized oscillator
strength obtained from the measured relative cross sections. Extrapolation to
K=O and the known absolute oscillator strength yields the coefficient ao in
absolute units, and therefore the other ai and the TDCS. An additional con-
straint is that the intensities of the binary and recoil peaks have to be equal
at K=O (ionization into the p continuum). There are some uncertainties about
this extrapolation procedure. It assumes that the first Bo-n approximation
gives the correct K dependence of the cross section in the tK direction in the
region being measured. However this may not be so. For instance the first
Born approximation predicts a maximum in the direction Z the binary~peak, and
%. small K and kB a recoil peak with a maximum in the direction -K. This is
manifestly not the case. However, it is likely that the parametrization in-
volved in expression (23) still adequately describes the actual cross section.
The extrapolation procedure used by Ehrhardt et al(25) is shown in figure 6,
where the measured intensities in the binary peak in the K direction and in the
recoil peak in the -K direction are used to extrapolate to the K=O region. The
dinole oscillator strength at K=O was taken from Samson(27). They estimate
their error to be less than 15%.

The dashed curve in figure b shows the expected intensities in the ±K
directions in the BI approximation. This shows quite clearly that the first
Born approximation breaks down even in this domain of relatively high incident
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FIGURE 6
Generalized oscillator strength in the directions +K and -K as a function of
momentum transfer K and scattering angle OA (ref. 25). The dashed curve shows
the BI result, the A and a a B2 result, and the solid curve is the polynomial
fit to the data.

enfcrgy (z 181P) and low momentum transfer. The results of a second Born calcu-
lation give a much better description of the data (triangles and dots).

Figure 7 shows a polar and cartesian plot of their TDCS compared with BI
(dash-dot curve) B2 (dashed curve) and EBS (solid curve) cross sections. The
data again clearly demonstrates the need for higher order approximations to
adequately describe the dynamics of the collision process. Although the
Flinders data are not shown in figure 7, they are in excellent agreement with
the Kaiserslautern data after suitable normalization.

Finally let me discuss briefly the high momentum tranfr region. In this
region the impulse approximation should be valid, and at high enough energies
we can replace the distorted waves by plane waves (PAIA). The PWIA cross sec-
tion for atomic hydrogen is simply

d~o (2n)kAkB

d3 2 ee lis(p )
I 2 (25)

where p - -q k + kB - ko is the momentum of the struck electron and fee is
the halftoff-shell Mot scattering cross section. In the symmetric geometry

fee varies rapidly with 0 but is nearly independent of 0. Thus in the nonco-
planar symmetric geometry, where kA = kB, 0 is fixed, and the out of plane azi-
muthal angle 0 = A - B - 7 is varied, the cross section should be directly
proportional to the square of the momentum space ground state wave function of
atomic hydrogen, i.e. the one electron momentum probability distribution.
Figure 8 shows the 400 eV, 9O0 eV, and 1200 eV data of Lohmann and Weigold(28)
compared with the absolute square of the ground state Schr6dinger wave function.
This is the first direct measurement of the probability distribution of an
electron in atomic hydrogen, a case which is discussed in most introductory
texts on quantum mechanics by means of "thought" experiments. This type of
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measurement, which gives information on the structure of the target, has given
rise to the field of electron momentum spectroscopy.

Second order or distortion effects are small in the high energy high momen-
tum transfer region. Byron, Joachain and Piraux(29) have calculated some of
these effects, and figure 9 shows their results at large angles 0 for the

10-1

e+H-H+ +e7+e

Eo= 500eV

10-8
FIGURE 9

The large angle coplanar symmetric B2

TDCS for atomic hydrogen at Eo=5OOeV c

in the first (BI) 
and second (B2) Z 10

-9

Born approximations (ref. 29).
0
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C
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-'2I I I

80 100 120 140 160
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coplanar symmetric (e,2e) collision on atomic hydrogen at 500 eV. The cross
section for 0 > 800 is very small compared to that in the region of the peak at
- 450, and so these effects are difficult to observe.

They have, however, been observed in the case of helium, where the effects
are expected to be larger and the experiments are a lot easier to carry out.
Pochat et al(30) in a coplanar symmetric experiment at 200 eV found that the B2
calculation described the trends in the measured cross section quite well, al-
though the B1 cross section was nevertheless adequate over the entire range of
backward angles (0 > 45° ) studied. Cook et al carried out a detailed study of
the (e,2e) process in helium in a 1200 eV noncoplanar symmetric experiment(31).
Their data for the ground state transitions are shown in figure 10 plotted as a
function of struck electron momentum p. A logarithmic scale is used to high-
light the small cross section region. The DWIA gives an excellent description
of the data, while the PWIA does quite well for p less than about 1.3 a.u. Two
different He ground state wave functions are used in the PWIA calculations, an
accurate correlated wave function due to Joachain and Vanderpoorten (indicated
by JV) and the Hartree-Fock wave function. For the DWIA calculation only the
H-F wave function was used. Absolute symmetric coplanar (e,2e) cross sections
have also been obtained for helium(32), and they are in excellent agreement with
he DWIA results and at higher energies with the PWIA.
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FIGURE 10
The 1200eV noncoplanar symmetric (e,2e) cross section for He plotted as a func-
tion of recoil momentum. The PWIA curves are obtained using an accurate corre-
lated He ground state wave function (full curve) and the H-F wave function
(broken curve). The DWIA (chain curve) uses the HF wave function.

4. SUMMARY
The understanding of ionization, which proceeds by an iterative interaction

between theory and experiment, has reached an interesting stage. For symmetric
noncoplanar geometry at high energy the simplest form of the impulse approxi-
mation, the PWIA, is sufficient. The DWIA describes even the fine details of
these cross sections. The PWIA is the basis of the enormously succesful appli-
cation of the noncoplanar symmetric (e,2e) reaction to the understanding of
many-electron atoms and molecules - namely electron momentum spectroscopy(1).

In the case of asymmetric kinematics and low momentum transfer, the col-
lisions which dominate the ionization process, the PWIA approximation fails

completely. The DWIA does considerably better, obtaining the correct shapes
and relative magnitudes of the binary and recoil peaks, but it becomes unre-
liable in predicting the absolute magnitudes. Higher order Born expansions,

such as the EBS method, give the correct absolute cross sections and give a
good description of the data at the lowest values of momentum transfer and
energy "loss" (Eo-EA) studied to date. At higher but still relatively low
values of K even the EBS method does not appear to describe some of the details
of the recoil peaks reliably.

As Eo-E A and K increase no single approximation adequately describes the
data over the entire range of angles. The asymptotic constraint on the effec-
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tive charges seen by the emitted electrons gives the wrong values of the
"effective" charges in the interaction region. In this intermediate regime it
might require a more fundamental theory to devise successful approximations.
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1. INTRODUCTION

When two electrons move in the field of a positive ion, because of the

long range Coulomb interaction, correlaticn effects are expected to be more
and more dominant as their kinetic energies decrease. This situation occurs

near the threshold for double photolonization as well as for electron impact
ionization processes, the latter appearing easier to study experimentaly.

A fundamental contribution to the understanding of these processes is the
work of Wannier (1) who has shown that they would occur most probably in a

configuration where both electrons are at equal distances from the ion and in
opposite directions. This configuration corresponds to the center of the flat
saddle potential surface which represents the fixed R interaction between the

3 particles when hypers herical coordinates[ R _V- , ,2 -tan'(r 2 I r ,)
0,2 zcos'( ,, are used. The radial correlation (which tends to
determine the energy 3istribution between the two electrons) is related to

the instability in a around a = ' /4, while the angular correlation is

related to the stability in 0, around E,2

So when dealing with electron correlations in electron impact ionization
(only the e-He system will be considered here) two important questions have
to be answered :

i) loiat is the probability for partitioning the excess energy E above

threshold between the two outgoing electrons with energy El and E2 ? Up to
3.6 eV above threshold it has been found experimentally (2) (3) (4) that all
the couples (El, E2 ) are equiprobable. This is in agreement with the Wannier
theory and ergodic hypothesis (1) (5) but in contradiction with some results

of the rival Coulomb dipole theory of Temkin (6) (7) in which the faster
electron sees the attractive field of the dipole formed by the slower

electron and the positive ion. Very recently the energy partitioning problem
has been ruexamined by Read (8). Still admitting the ergodic hypothesis and
analysing more carefully the classical trajectories in the Coulomb zone, he
obtained a distribution function where equal sharing (El = E2 ) is slightly

more probable by 5%, a result which has been confirmed experimentally (9).

ii) Is there an angular correlation between the two ougoing electrons ?

The prediction of Wannier (which was limited to a total angular momentum
L 0 0) is that the angular distribution has a maximum for 0,, = n with a
gaussian shape the width of which varies as E1

/4
. On the experimental side,

by coincidence measurements in a plane perpendicular to the incident beam,
Cvejanovic and Read (2) have confirmed the E/ law but as the angular

resolution was poor, the determination of the width was not very accurate.
More recently, Schubert et al. (10) have measured in a coplanar geometry the
angular correlation between the two outgoing electrons at 6 eV above

threshold. They observed a correlation with maximum at about 9, = 2200
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and not at 1800 as predicted by the L = 0 Wannier theory (1). This can mean
that 6 eV is too high for threshold theory to be applied and/or as pointed
out by Greene and Rau (11), that other L S 17 states contribute to the
ionization process.

This is why we have undertaken coplanar measurements from 6 eV down to 0.5
eV above threshold (12) with the goal to look for an eventual contribution of
a few L S 11 states, to test the threshold theories and try to determine
the energy range of validity.

2. EXPERIMENT

The experimental set up consists essentially of a single selector and two
double analysers similar to those described elsewhere (13). The selector and
one of the analysers can rotate individualy or simultaneously by means of two
stepping motors so that the angles of the two detected electrons with respect
to the incident beam can be scanned. To avoid small drifts with time,
accumulation at different angles is done cyclicaly. The difficulty at low
energy is that there are a lot of unwanted scattered electrons ; the use of
two electrostatic analysers in series as well as an appropriate set of
potentials on the optics reduces this noise. When both electrons have the
same enerfy, invariance of the coincidence signal when interchanging the
angles ot the tw' analysers is checked throughout the measurements. In
particular, it has been verified that when 9,2 = n (2 detectors in
opposite directions) the curve obtained by plotting the coincidence signal as
a function of the angle 9, (angle between the incident beam and one of the
2 detectors) is symmetric with respect to 0, = 900. The invariance of the
position and width of the coincidence peak, when the selector and the
detector are rotated is also, at low energy, a test for a good angular
response of the equipment. Finally because of the need for high incident
intensity due to the decrease of the cross section near threshold, the
resolution in energy is about 0.2 eV and the acceptance of each analyser is
rather large (about 100). The statistical accuracy, when random corncidence
and normalisation procedures are taken into account in typically 10%.

3. RESULTS

In the following we adopt the convention that the two outgoing electrons
are located by their spherical angles 91 ,P , , P,2 , the z axis
being taken along the incident beam direction. In the present coplanar
measurements V, - VP, 180' and the mutual angle 8,2 is equal to

9, E2  '

Figures 1, 2 and 3 show the measured triple differential cross section
plotted in polar noordinates for equal sharing of the energy between the 2
electrons (El = E2 ) at 3 energies above threshold (E = 2, 1 and 0.5 eV) and
for 5 values of 8, (300, 600, 90', 120' and 140'). The incident electron
comes from the left and the direction of the first detected electron is
represented by the second arrow. It is clear that whatever the direction of
the first electron is, the second one is detected roughly around the opposite
direction especially as E decreases. But it is only for 6, = 900 that the
maximum of intensity is exactly located at 1,2 = 1800. When going from 2 eV
down to 0.5 eV it is also seen that the width of the lobes (in particular for
9, = 900) decreases which is consistent with the energy behaviour of the

gaussian factor mentionned above. At 0.5 eV above threshold the lobes are
still not invariant with respect to the direction of the first electron
detected, consequently they cannot be interpreted within a L = 0 theory.
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Indeed this is not so surprising as in the ionization process the Coulomb
interaction dominates in the asymptotic region in opposition to threshold
excitation where there is always a small energy range in which the
centrifugal potential rules the cross section and thus depresses all the
t # 0 with respect to s wave. Nevertheless we will see that these
complicated shapes (double lobe for instance) still remain consistent with
the Wannier theory when the rotation of the two electrons is taken into
account.

---j-- Ej=E 2 :1eV . T--.
E,=E ,= 00

e1400  0,=120'

FIGURE 1

E,= E2= 0.5eV

0 ,30 6 00

Me G120W

FIGURE 2
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e, 300  e,= 60,
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FIGURE 3

The contribution of L * 0 can also be directly seen by measuring the
coincidence signal as a function of the angle 9, when both detectors are
kept in opposite directions (to be called Wannier geometry). This is clearly
demonstrated in figure 4 for E = 0.5 eV and 1 eV and E i = EP. It is first
seen that, within the experimental uncertainties, the angular dependence of
the signal is symmetric with respect to 9 = 900 as expected from the
symmetry of revolution around the incident beam direction. Now in this
configuration ( 82 = 17 ) and from only geometrical properties of the two
electron wave function, the partial cross section varies as
I PL (cos 0, )1' (14), thus the strong variations which are observed on
figure 4 imply the participation of L 0.

The quasi identity of the two experimental curves in figure 4 is an
indication that the L mixing does not change from E = 0.5 eV to E = 1 eV.
This is still approximatively true up to 2 eV while at higher energy (4 eV
for instance) there is a significant change (in particular a spectacular
enhancement in the small ), region).

Figure 5 shows the coincidence signal as a function of e, when both
electrons are detected symmetrically with respect to the incident beam
(symmetric geometry, 9, = 92 ) and for 2 different energies E = 0.5 and 1
eV. The enhancement of the width from the lower to the upper energy curve is
again in qualitative agreement with the energy dependence of the angular
correlation factor mentioned above.

A quantitative analysis of figures 4 and 5 will be presented in the
following.



e - 2e Collisions near Ionization Threshold 145

0 E,= E 2=0.5eV + E=E 2=0.25 eV

0

0

+ + 0~

50 100 150 ,

FIGURE 4 : e12 = n _Fit

-0= 68e ---e 85 °  e=e 2

L
60 90 120 60 90 20 e

E,=E 2 -- 25 eV E,= E2 = .SeV

FIGURE 5

4. DISCUSSION

4.1. Derivation of the triple differential cross section for helium in the
Wannier-Peterkop-Rau theory.

When dealing with the electron impact ionization of helium in its 
4
se

round s~tate and limiting the angular momentum of the incident electron to

< 2, it follows from the conservation of parity, total angular momentum and

its projection that 6 states for the two outgoing electrons can contribute,

namely the 'Sep 
3
se, 'po, 

3
po, 'De, De states.
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Because of the strong correlation predicted by the Wannier theory a
judicious choice of coordinates is required to describe the motion of the two
electrons. The hyperspherioal coordinates ( R , a , 6, 2  ) are well
adapted to such a problem. They completely define the shape of the triangle
formed by the 3 particles and three Euler angles can then be used to specifiy
its orientation in space, such as (9, IP, , 4 ), P being the angle
between the planes ( F, 2 ) and ( 1 z ) (15) (16).

As each L S 1] state has a specific angular dependence, the coherent
superpositi.n of a few of them leads to a complicated angular behaviour. Let
us summerize the different steps which lead to the cross section formula.

M=O
Each L S [7 wav function WLSn is expanded on the rotationnal wave

functions DM (, r) ,
M:=O, K

M=O LSn L

'PLSn = K GK (D M =O,K (e,'43, ,P

After antisymmetrisation of the tota2 wave function the following
exp-essions are obtained (17) (18) :

S "  F w,th F(R,a.e, 2 ):F(a 'r ,6 )-F
2

3
Se F wth F

I PO F cos 8, + Fcos 
2

3pO F cose F cosO
2

'De: F( 2 6o ....1) + (3cos6 _.i) + F(3 Co wth F3
3

De F,(3cos
2
6, 1) _ F (3cos

2
e - 1) + F3 (3cosO, cosI 2  cosO 2) ... th P = F

where the Fi functions whi, h are related to the GK are solutions of "radial"
equations in which only the three hyperspherical coordinates
( R ,a 1 ) remain. Por L > 2 they form a set of coupled differential
equations.

Following the Wannier (1) Peterkop (19), Rau (20) theory, only configu-
ration space near the Wannier saddle point is taken into account and only the
asymptotic part of the wave function in the exit channel critically depends
on the energy in the threshold region. Then the small E Schrddinger radial
equations are resolved near the Wannier point and at large R. For each L S
n one expects to obtain the partial cross section to within complex

constants related to the connection with the unknown smaller R solution.

To be consistent this linearization of the radial equations requires the
retention of all the terms up to &R YR and 1/R32 (21)
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where /3'r/4 - a and y = I _ 0,2 represent the distance to
the Wannier point. Then two groups of consequences can be distinguished.
Firstly, annulling 1/R terms has the same consequences for all the various L
S 17 and thus the properties which have been demonstrated initialy for the
'Se state (22) extend to the others. There are the following :

i) each partial cross section is independent of the sharing of energy
(El, E2),

ii) each partial cross section contains the angular correlation factor

exp 4 Ln2 (( 0 2  6)112 where 0,/2 depends on E as

61,2 6o E,.

Secondly, annulling I/R 2 terms yields the R and E dependence of the
radial wave functions, and leads to a fundamental classification according to
the parity under radial interchange ( a - 7r/2 - I ). The partial cross
section associated with the 'Se state which is purely symmetric (F = P)
behaves as E1 .12 7 which is the Wannier law, while that of 3Se which is
purely antisymmetric (F = -F) follows a En law where n is greater than 1.127
(the value n = 3.881 has been proposed by Greene and Rau (11) (23) and n =
3.3P1 by eterkop (24) and Feagin (25)) and then is suppressed at threshold.
The single radial wave function F of the 'pO and 'PO states which have been
analysed by Roth (26) and Klar and Schlecht (27) can be split into a
symmetric Fs plus an antisymmetric Fa component (11) (23) so that from the
preceding their wave functions can be written :

3po Fs  (cos 0, + cos 62 ) + Fa (cos 6, -cos 62)
3
pO Fs  (Cos 0, - cos 02 ) + Fa (Cos , + cos ( 2

and the symmetric partial cross sections follow the Wannier law while the
antisymmetric ones are suppressed at threshold.

For L > 2 the splitting Fi = Fis + Fi" of each radial component is still
necessary but a new characteristic occurs. As mentionned above one is faced
with a set of coupled radial equations that would be decoupled if limited to
the order 1/R (17) but which are not when going to 1/R3/2 . Thus one can
expect, apart from determining the energy behaviour of the L S nI partial
cross section, to obtain some relationships between the Fi . In the case of
the 'De  state a detailed study indicates (18) that this relation is

F -3 _ 2 Fs, but presently this remains an open theoreti-oal question.
Using all these results, one finally obtains the following triple

differential cross section (DCS)

d 6,,, 2  E ) /4 0 /4 /4 xp exp n24Ln2(( Ae/8 62
da '0 12 ' 12

2, _ -- L --f2

with

f0 a'se + ap
o ( C

ost, + cOsO2) + aoe( 3/2 cos
2

t, + 3/2cos
2

6 2 - I

?cosO, LosC 2 + Coso, 2 )

f, = 3po (cosOI - cos0 2 ) + a3De(3/2 cosO, - 3/2 CO S 02

()12 = Cc os[oS 9, cos
6

2 + s,n ,s,n 02COS(', W -1 4
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where the al are complex numbers. As long as the threshold region is
concerned and following Peterkop (24) and Feagin (25) all the ai which
correspond to L S 1l states with no angular node for E32 = n ( 'Se, 'De,

3PO) have a (E- 0.5 E0.127) 41Z energy 'pendence while an angular noi- (such
-s in the above 'PO and 

3
De contributions) yields an additional E- 0 " 2 5

factor. Then integration over angles and energy El leads to an integral cross
section which varies as E

1
.
127 (11) (23) (24) (25).

The last missing point concerns the exact value of 8 in the law

8,2 = 9o E giving the width of the gaussian factor. Some

discrepancies exist in the literature between the values which have been
obtained from the Wannier theory, due to the fact that different methods have
been used. From a pure quantal formalism Rau (22) has obtained E0 = 850,
while (o =890 comes out of the classical trajectories of Read (8) and 8:, 

=

680 from the JWKB formalism of Feagin (25) and Crothers (28). Besides these
results an alternative asymptotic theory where the electron-electron
interaction is taken into account separately has led Altick (17) to propose
H)= 670 vith no Z dependency. Note that in the Wannier theory the angular

correlation factor completely disappears for Z , 3.

4.2. Analysis of the results

4.2.1. Analysis of the curve
The theoretical DCS which was derived in the last section contains 7

parameters concerning the mixing of states, which become 8 if 80 is
included. A direct fit to the complete set c: data, although possible, would
link the determination of the mixing together with the testing of the Wannier
theory. We find it preferable to separate the two as far as possible and to
follow a step by step method which has been described elsewhere (12).

From pure geometrical and symmetry properties and without using any
ionization theory it can be shown (14) that when Q, - w, = r , , +,
(Wannier geometry) the DCS can be wriften

1 2s 1 11n C , E, , E
s: o 1 n sn 2

) PL 0S0,

where all the CLan with L + S odd cancel when El = E2 (18). This latter
property then ensures that the summation contains only even powers of
cos 6, , which is called for by the symmetry of revolution around the
incidenL beam axis.

When limiting L < 2 only the 'Se, 3PO and 'De states (the following
would be the 3FO state) contribute and the DCS takes on the simple form bo +
b2 Cos2 0, + b4 COS4 0, where bo, b2, b4 are real. It is straightforward to

veriey that the formula derived in the preceding section satisfies this
property and to obtain the relations with the complex a,se , a3 0P and a, De.

The above expression was fitted to the curve corresponding to El E2
0.5 eV (figure 4) using a least squares method and L < 2 was found to be
enough to get a good fit. The following values were obtained : bo 1 ;
bp = -3.72 ± 0.04 and b4 = 4.26 ± 0.07. From these values it c,-. be shown
that a3p is weak and will be taken as zero. Under this condition the
modutlus and the argument of the ratio a,De / a,se were found to be 0.7

and 2 rad, respectively.
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4.2.2. Confrontation with the WPH theory.
As mentionned in § 4.1. the coefficients ase , a,De and a3po should

have the same energy dependence in the threshold region thus giving a frozen
curve shape in the Wannier geometry. This first prediction is indeed
confirmed by the measurements up to E = 2eV (see 53).

Now another specific geometry, namely the symmetric one (6, = 2

- Q2 = r ), has the property of eliminating the contribution of triplet
states as can be verified in the formula derived, in section 4.1. So as the
'Se and 'De states parameters have been obtained already, the comparison of

the Wannier theory triple DCS with the H = 62 data of figure 5 only
involves the two unknown quantities a,po and e0  . Systematic fits to the
curve with El = E2 = 0.5 eV have shown that a reasonable agreement can only
be obtained when 600< o (1100. Unfortunately a more precise determination
cannot be achieved, as illustrated by the two curves reported in figure 5
corresponding to -)o =680, I ao /1 a,se I 2.1, arg ( apo / a5, ) = 3.9 rad

(full curve) and (-), 850, I aPO I/I aseI 0.65, arg ( a:o / a Se ) 3.5 rad
(dashed curve) respectively, which both fit sactisfactorilly. It should be
noted that with only ISe and 'De states the DCS would be symmetric with
respect to A, = 900 (see formula of § 4.1). Thus the weak asymmetry which is
seen in figure 5 is the signature of the 'PO (or eventually 'FO) state. Its
precise determination and that of E 0  would require better angular
resolution and better statistical accuracy than in the present experiment.

In figure 5 the theoretical DCS for the two values of E9 and for E = 0.5
eV has also been presented. The observed enhancement of the width when E
increases appears to be correctly reproduced, thus ronfirming in both cases
the E

'  
energy dependence of e V 2 .

To summerize, the above analysis of only two curves ( G, + E, = T
and e = 2 at El = E2 = 0.5 eV) has yielded quantitative information on

ISe, 'pc, 'De and 'PO mixing. It is now possible to perform a comparison
of the DCS for all the available ( e, , E, ) and 0.5 < E < 2 eV values
(fig. 1, 2, 3). The general agreement is slightly improved with a small
contribution from the 'De state ( a3 ./ aSe = 0.4). For the 5 angles and

for both G. = 680 and 850 the agreement appears to be satisfactory for the 2
lowest values of E. For E, = 60 and 1400, the double lobe structures (E =
I and 2 eV) come out correctly from the calculations but differ in
orientation and intensity from the experimental results. Some marked
discrepancies which do not exist at E = 0.5 and 1 eV appear at 2 eV (see for
instance E, = 120' on figure 1). Of course a better comparison would need
measurements in regions which are forbidden in the present experiment.

Finally it is interesting to point out that independently Altick (17) has
fitted the data at E = 1 and 2 eV (fig. 2 and 1) with a theoretical DCS which

is similar to that of § 4.1. with E) = 67' but containing 9 parameters as
the 'De state contribution has been written:
ae(3/2 cos' e, + 3/2 cos' 9, -1) + a, e (1/2cose,2 .3/2cosecose2

A better agreement is obtained with the experiment while the deduced values
of the modulus and phase of ( a,,e + ase/ 2 ) which represent the
contribution of 'D

e  
in the Wannier geometry and the triplet state

coefficients are close to ours.

4.3. Ab-initio calculations of Crothers (28).
Very recently on the theoretical side, important progress has been

accomplished by Crothers (28) who has given the absolute triple DCS for near
threshold ionization of helium by following the lines of the Wannier Peterkop
Rau theory but using a JWKB formalism which allows the determination of tne
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unknown constants. As mentionned in his paper, as a first order perturbation

theory is used, some approximations are made on the final state angular

dependence. In particular this leads in the notations of S 4.1. to phases of
each a L-sn equal to iL and to the elimination of terms such as the
(3 cos 0,cos 02 - c os 0,, ) component of 'De state. However these calculations
restricted to singlet states and L .< 3 are in remarkable agreement with the
data of fig 1 and 2 for 0 = 60, 90 and 1200. Some discrepancies still exist
elsewhere.

4.4. Dependence of the DCS on El, E2 partitioning.

All the preceding experimental results were performed for equal sharing of
the energy (El = E2 ) but as mentionned above the Wannier theory cross section
is either independent or only very slightly dependent (8) on the partitioning
of energy. This has been verified in integral (4) and double differential
(2), (3), (9) cross section measurements but the triple DCS yields a finer
test. A first confirmation involvirg the triple DCS at E = 6 eV, El - 4 eV,
E2 = 2 eV has been reported by Schubert et al. (10). For a lower energy E =
2 eV and more pronounced unequal sharings (El = 0.25 eV, E2 = 1.75 eV and
vice versa) figure 6 shows (at 6, = 900) the triple DCS compared to that
with El = E2 = 1 eV. These three curves are very similar and such a result,
which also holds for other values of 0, , is a strong confirmation of Wannier
theory validity. On the other hand the Coulomb dipole theory (6) , (7) which
would apply when El < E/5 does not predict (29) a tight angular correlation
and thereforce disagrees with the present results, unless taking place at an
incredibly low energy (7).

Q5 0

..0 0 0

S0 100 150a,

Figure 6 Figure 7

+ El =E 2 o IeV + El =E2 = 1eV
o El = 1.75 eV E2  0.25 eV o El o 1.75 eV E2 o 0.25 eV
a El = 0.25 eV E2 = 1.75 eV

Similarly figure 7 shows that in the Wannier geometry the curve for E1
O.2j5 eV, E2 = 1.75 eV is very close to that with El = E 2 = I eV. Now dealing
with the symmetry with respect to 0, = 90*, this is automatic when El = E2
(see §4.2.1.) ; when EI = E2 any asymmetry could only appear by the
contribution of terms such as the Fa (Cos 6, - cos 6 2 ) component of the

IPO state. Therefore the solely experimental observation that the El = 0.25
eV, E2 = 1.75 eV curve is symmetric directly supports the near threshold
cancellation of the radialy antisymmetric terms predicted by the Wannier
theory.
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5. CONCLUSION

The results presented in this report constitute the first direct
experimental proof that a few (LSH) states definitely contribute to the near
threshold ionization cross section. The Wannier Peterkop Rau theory is an
useful tool to their understanding and a more precise determination of the
angular correlation width is still needed. It has been shown that the values
of the atsn coefficients can be extracted from the observations. These are
physically interesting quantities as they are directly related to the
probability of forming Wannier ridge riding states above the double escape
threshold, and considerable theoretical effort is presently in progress to
investigate such states.
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ELECTRON ATTACHMENT TO VAN DER WAALS MOLECULES

Y. HATANO

Department of Chemistry, Tokyo Institute of Technology
Meguro-ku, Tokyo 152, Japan

A survey is given of recent experimental studies of low-energy electron
attachment to 02, N20 and other molecules in dense gases and in sonic nozzle
beams with emphasis on the important role of pre-existing van der Waals mol-
ecules in the attachment mechanism. The experimental results particularly
for 02 are compared with recent theories. A survey is also given briefly of
recent studies on electron solvation and localization in the condensed phase
from the viewpoint of the studies on electron interaction with van der Waals
molecules.

1. INTRODUCTION

Electron attachment is a process in which electrons are captured by atoms or
molecules to form negative ions. Electron attachment or negative-ion formation
processes are of great importance not only in atomic collision research itself,
but also in related research fields such as radiation physics and chemistry,
electrical discharge physics, plasma chemistry, new laser research and develop-
ment, the space and upper-atmosphere sciences, etc.

Electron attachment processes are classified into two types; dissociative
and non-dissociative processes as shown in the following reaction scheme,

a or k * A + X (1)e+ AX AX-*

li/T AX- + energy. (2)

Interaction of low-energy electrons with molecules, AX, produces unstable nega-
tive ions, AX- , with a cr2ss section u or a rate constant k. The autodetach-
ment of electrons from AX- with a lifetime T may compete with the dissociation
of AX-* or with the formation of stable molecular negative ion, AX-, which re-
quires the release of excess energies from AX- . The lifetime T is related to
the electron-energy width of the attachment resonance. The value of I/t is a
rate constant -or the autodetachment process. In the presence of third-body
molecules, AX is collisionally stabilized to form stable AX-. The branching
ratios among the unimolecular processes of decaying AX-* depend on the inter-
relationship of the potential energy curves between AX and AX', and also on
electron energies. The relative importance of the collisional stabilization
process in the overall decaying processes of electrons depends largely on these
unimolecular processes particularly the lifetime T and of course on the number-
density and character of third-body molecules, in which one may expect some
environmental effects on the over-all scheme of electron attachment processes.
In addition to the determination of cross sections or rate constants for elec-
tron attachment or negative-ion formation and their electron energy dependences,
it has been of prime importance to clarify the attachment mechanism, not only
the overall mechanism but how environmental conditions affect the mechanism.
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Electron attachment processes have been extensively studied both theoretical-
ly and experimentally, and these are comprehensively summarized in recent review
papers.[1-9]

Various types of Plectvon rcattering experiments at low energies less than
several eV have given cross sections of electron attachment and information on
the initial interaction potential between an electron and a molecule, and thus
provided an efficient knowledge of the structure of formed negative ions. Since
it has been very difficult, in general, to make electron Lttachment experiments
using beam methods at extremely low energies particularly near thermal energies
[lO.lli. h ,,y particle collisions such as those using Rydberg atoms[3,12,13]
or alkali metal atoms[14] as low energy electron sources have been a good sub-
stitute giving an important information on electron attachment processes. Elec-
tron scattering experiments using beam methods at such low energies including
even thermal energies are certainly one of the important subjects not only in
collision physics itself but also as a bridg. between beam experiments and
swarm experiments.

Electron-swaym -,r drift tube tochniques have played a major role in those
investigations and accumulated data on attachment rate constants, their elec-
tron energy dependences, formed negative ions, etc[2,7]. Most electron swarm
studies monitor the rate of removal of electrons in the swarm drifting in a
tube, in most cases, under DC electric field in the presence of a buffer gas.
Christophorou and his coworkers[2,7,15-181 have extensively studied electron
attachment in dense gases as quasi-liquids by using his swarm technique and ob-
tained interesting data also from the viewpoint of this review. The data will
be carefully compared later in this review with those obtained by the present
author's group[19]. In addition to usual swarm techniques an interesting ap-
proach of measuring cyclotron resonance signals due to free electrons in gases
has been carried out for the study of electron attachment to various molecules
as a function of electron energy in the range of I to 10 kT[20]. Another in-
teresting approach to electron attachment studies is highly sensitive monitor-
ing of electron density in the swarm by the Cavalleri method[21,22]. The pulse
sampling technique[23] is simple but capable of yielding precise data particu-
larly on energetics of negative-ion formation. A microwave technique for moni-
toring the rate of removal of electrons in the swarm has been combined with
static or flowing afterglows produced by electrical discharges[24,25]. This
technique has been recently combined also with the pulse radiolysis method in
order to eliminate essential limitations including in the above-mentioned micro-
wave technique[19,26-43]. The response time of the detection system for elec-
trons has been highly improved and the effect of the presence of various species
in afterglows on electron attachment processes has been eliminated. This combi-
nation, therefore, has given a reasonably good selectivity of measuring electron
attachment processes even in multiple collision systems[19,31].

In the following one may find an unique standpoint of the miorowave tc!h-
nique combined with the rulse radiolysis method in electron attachment experi-
ments. For the study of electron attachment mechanism, ordinary swarm tech-
niques may have some essential limitations in the experiment as they are almost
unavoidable to use only a few environmental buffer gases for which the swarm
parameters, electron energy distributions, etc., are well known. Therefore, in
cases where the attachment mechanism is strongly dependent on the particular
nature of environmental gases, the technique may not give enough information to
evaluate adequately the mechanism in detail. Usual beam techniques are evi-
dently not suitable for the study of environmental effects on the attachment
mechanism. On the other hand, the microwave technique has been used as an al-
ternative means for such studies with the main advantage of the technique allow-
ing to observe the behavior of therma electrons, thus excluding any factor
dependent on the electron-energy distribution. For usual swarm and beam tech-
niques it has been difficult to study electron collision processes at very low
enargies such as thermal, whereas such studies are obviously of great importance
in understanding of not only a two-body problem such as electron interaction
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with molecules, but also various phenomena in ionized gases.
The microwave technique combined with the pulse radiolysis method has shown

recently a distinct advantage in studying thermal electron attachment to mol-
ecules[19,26-43]. By employing the pulse radiolysis method it is possible to
perform time-resolved observation of decaying electrons with very fast response
in a very wide range of the pressure of an environmental gas which is chosen
with virtually no limitation. Thus, the mechanism of low-energy electron at-
tachment to molecules has been discussed primarily in terms of the interaction
of electrons with molecules.

Recent studies of thermal electron attachment to 02, N20 and other molecules
have revealed that the electron attachment to pre-existing van der Waals (vdW)
molecules or neutral clusters plays a significant role in the overall mechanism
[19,29-43]. The idea of electron attachment to dimer or cluster molecules was
suggested and discussed to some extent in earlier studies[44-46] where electron
attachment to 02 was investigated at low temperature, but no definite conclu-
sion on the mechanism could be drawn because of the insufficient experimental
data. A significant development in such studies has been started in electron
attachment studies using experimental techniques which were originated from
radiation chemistry; one is the microwave technique combined with pulse radio-
lysis[19,32,33,35-37,40-43], the other is the competition kinetics of steady-
state y-radiolysis[47-49]. Evidently the existence of electron attachment to
vdW molecules compels us more or less to re-interpret various experimental data
obtained previously. Furthermore, since such process must be more important in
dense gases or in the condensed phase, the studies of those processes will pro-
vide insight as to the effect of the density on the reactions involving elec-
trons or generally on the electron-molecule interaction processes.

There have been remarkable advances in the investigation of electron dynam-
ics in dense gases. The obtained experimental results and theoretical aspects
of electron attachment, recombination and transport in dense gases have been
summarized in recent review articles[2,15-19,83,89,141-143,158-160].

In this review, therefore, discussions are focused on the recent development
in the experimental studies of electron attachment in dense gases giving evi-
dence for an important role of pre-existing vdW molecules in the attachment
mechanism, and on the essential features of electron attachment to vdW molecules
in comparison with those of ordinary electron attachment to isolated molecules.
Important results on electron attachment to ordinary isolated molecules have
been also obtained in this experiment and they are compared with recent theories
and experiments. A comparison between the results on electron attachment to vdW
molecules and those on electron attachment to ordinary isolated molecules has
clarified characteristic features of the former attachment mechanism, in which
the substantial effect of the presence of vdW potentials on the electron at-
tachment resonance has been indicated. The rate constant for the former attach-
ment process is muLh larger than that for the latter process. The main emphasis
of the argument is on the electron attachment to 02, but the attachment proc-
esses involving N20 and some other molecules are also discussed. A survey is
also given of recent related topics such as electron attachment to cold clusters
in nozzle beams, Rydberg atom collisions with clusters to form negative ions,
electron collisions with thin-layer condensed molecules, and electron solvation
and localization in condensed molecular media.

2. THERMAL ELECTRON ATTACHMENT TO 02 AND VAN DER WAALS MOLECULES CONIAINING 02

Oxygen is probably the most extensively studied molecule in the investigation
of low-energy (<1 eV) electron attachment, mainly because this molecule is a
main constituent of atmospheric gases and therefore practically important in
various viewpoints. A number of studies[2,5,16,19] have been devoted to eluci-
date the electron attachment mechanism since most experimental results have
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shown that the rates of disappearance of electrons are proportional to the
square of gas pressure. The well, and only, accepted mechanism has been the
overall two-step three-body mechanism which was originally suggested by Bloch
and Bradbury[50] and was later modified by Herzenberg[46] to be consistent with
modern experimental data; the mechanism for 02-M mixture, where M is a molecule
other than 02, is expressed as follows,

kl _,*

e + 02 - 02 (3)

0 02 + e (4) 1.2

02 + 02 - 02 + 02 (5) 1.0

k4*.-5
0 2 + M - 02 + M (6) . 4

The vibrational characteristics of 0.6 -=3 --
the negative ion 02 are established 7

from electron impact and scattering '.4 -2 6

experiments[51-55] and the electron ---- - -
- 5

affinity of 02 is 0.44 eV[56]. For 0.2 -=-
convenience, the potential energy
diag ams[19] for 02 (X

3Z5) and 0 -3.
0O(XMfg) are shown in Fig.l. It can -

be seen that the lowest resonance 0.2 - - -
involves the vibrational levels,
02 (v=0) and 0 (v=4), at low elec-
tron energies (especially for thermal 04 - '0 XH1
electrons), and the resonance energy 

06

is about 0.08 eV. (See a detailed 0.6 I

discussion in ref.[35]) 1.0 1.1 1.2 1.3 1.4 1.s 1.6 1.7
Since all electron-decays for INTERNUCLEAR SEPARATION A,

02-M mixtures in the above-mentioned
experimental condition show pseudo-
first order behavior, each decay
curve gives an electron lifetime T o  FIGURE 1
which is ascribed to the following Potential-energy curves for 02 and 02
thermal electron attachmer. process [19).
[31].

e +02 -
(7)

where keff is the effective two-body rate constant and is related to To as

kef 1 k1 (k3 [02]+k4 [M])
eff -To[0 2] k2 +k3 [0 2]+k 4 [M

where the blacket [ ] means the density of each molecule. The key feature to
which one should pay attention when one evaluates the validity of the P!Fi!-
, D,, , m, c ,rza n~s is the saturation of electron attachment rate with in-
creasing the pressure of M. This is due to the fact that the overall attach-
ment rate can not exceed the value of kl , which can be understood from Eq. 8.
Equation 8 can be reduced to

k Ik 4[M]  + 1

k eff  or T O 1 (9)k2+k4 [M] kI kM[M]
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when [02] is much smaller than M], where kM(=klk4/k2) is the overall three
body rate constant. Based on Eqs. 8 and 9, Shimamor- and Hatano[31] confirmed
the validity of the BB mechanism in many 02 .-M binary gas mixtures. From the
plot of T0[2] against 1/[M] which is based on Eq. 9, they determined the value
of kl=4.8xl0-

ll cm3/sec and the value of kM for each stabilization partner,
which is listed in Table with the values obtained by other workers. The auto-
ionization lifetime of O , i.e., the value of 1/k2, was also estimated to be
-10-lO sec which was comparable to the predictions of some theoretical treat-
ments[46,57-60] (see Table 2). On the othe hand, however, there existed some
inconsistencies between these results and ou ,er data. Christophorou and co-
workers[15,17,61-63] investigated electron attachment in 02-C2H4 , 02-C2H 6 and
02 -N2 mixtures at very high gas pressures (530 atm), and observed that the at-
tachment rate in 02-C2H4 system showed a saturation at very high pressures, but
the rates in 02-C 2H6 and 02 -N2 mixtures continued to increase steeply with in-
creasing the pressures of 2H6 and N2 respectively. They reported the value of
kI much larger than that obtained by Shimamori and Hatano[31] and corresponding-
ly a considerably shorter lifetime
of 02 (see Table 2). A similar
difficulty was encountered when
the earlier work by Pack and 5
Phelps[64,65] on 02-C02 mixtures 0

was examined. Their result
showed no saturation behavior up o
to 1 atm of CO2 pressures, 00
whereas according to the results 0

of Shimamori and Hatano[31] the o
saturation could be expected at

o0
C02 pressures around several 03 0

hundreds Torr. Such difficulties E
have been demonstrated more 1 o°

clearly and analyzed by recent E00 - -

work of Kokaku and coworkers 2 0

[32,33]. 1o a -

Kokaku and col.orkers in the o -

joint researchi between Tokyo and o 0

Notre Dame have studied using /
the microwave technique combined o-
with the pulse radiolysis method
02 -C02 and several 02-hydrocarbon
systems at pressures from less
than 100 Torr to 1000 Torr and 0 1 2 3
found that the BB mechanism can
account for the data in the low [C2 H41 (XIOl

9 molecu
le/cm3)

pressure range but fails to ex-
plain the result at higher pres-
sures. The data for 02 -C2H4  FIGURE 2
mixtures are shown in Fig. 2 Dependence on C2H 4 density of the effec-
as an example, where the high tive two-body rate constant of thermal
density part of the data agrees electron attachment in 02-C2H 4 mixtures
well with the data obtained by at room temperature. The dashed curve
Goans and Christophorou[62] represents the expected contribution
using a swarm technique. This from the BB mechanism[32].
research[32,33] has clarified
a significant discrepancy be-
tween the values of k1 and 1/k2 obtained by the pulse radiolysis-microwave
technique[31] and those obtained by the swarm technique[62]. A deviation from
the three-body pressure dependence of attachment rates was also observed by
GrUnberg[77,78] for pure 02 and 02-C02 mixtures and by Bartels for O?-He mix-
tures[79]. Thus it has become obvious that a consistent interpretation in terms
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TABLE 1 Three-body Attachment Rate Constants, kM, for the Reaction,

e + 02 + M - 02 + M, at Room Temperature.

30 6 3
M kM(10 cm /sec) Ref. M kM (10-3 cm6 /sec) Ref.

He 0.033 31 C2H6 1.3 33

0.03 44 1.5 62

0.07 66 1.7 31

Ne 0.023 31 0.9 35

Ar 0.05 31 C3 H8 3.2 33

Kr 0.05 31 3.3 31

Xe 0.085 31 n-C4Ho10  4.2 41

H2  0.48 29 4.5 33
D2  0.14 29 5 31
N2  0.06 44 n-C5HI2  7.9 31

0.085 30 neo-C 5H12 7 32
0.09 41 8.0 31
0.1 67 n-C6H]4  8.1 31
0.11 22,66 C6 H6  8.5 74
0.15 62,63,68 18 73
0.26 69 CO 1.31 41
0.10 37 CO2  3 65,71,73

02 1.7 69 74,76
2.0 65 3.2 32
2.1 45,66,70 3.23 67
2.15 67 3.5 22
2.2 29,41,71 H20 14 65,74,75
2.3 30,68 15.2 73
2.6 72 H2 S 9 74
2.8 44 10 73
2.2 22 NH3  6.8 74

CH4  0.34 31 7.5 73

C2H4  1.5 62 CH30H 8.8 74
1.7 73 9.6 73
2.0 32 11 31
2.3 72 C2H50H 18 31
2.5 74 CH3COCH 3  27 74
3 31 35 73
3.1 75
3.4 75
1.3 36

TABLE 2 Lifetime of 02" (X 2ig, v=4)

Lifetime (10-
1 2sec) Ref. Author(s)

Theory
300 46 Herzenberg (1969)
170 59 Koike and Watanabe (1973)
72 57,58 Koike (1973, 1975)
88 60 Parlant and Fiquet-Fayard (1976)

Experiment
100 51 Shimamori and Hatano (1977)
63 41 Shimamori and Fessenden (1981)
2 61-63 Christophorou et al. (1972, 1972, 1974)

91 35 Toriumi and Hatano (1983)
66 37 Toriumi and Hatano (1985)
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of only the BB mechanism is not possible in a wide range of the pressures of M

and additional mechanism must be considered to explain the high-pressure data.

One of the strong candidates for such a mechanism is electoon attachnent to vaW

vu~vv as was indicated by Kokaku and coworkers[32,33].

K
0 2 + M e (0 2 .M) (10)

e- + (02 -M) - Stable ion (11)

where Keq is the equilibrium constant for vdW molecule formation. One should
note here that the density of vdW molecules is determined by Keq[02][M], and the
value of Keo can be estimated by Stogryn and Hirschfelder's theoretical treat-
ment[80]. Several experiments have provided evidnece for the existence of vdW
molecules in the gas phase[81-831. The analysis of experimental data for sev-
eral 02-M mixtures[32,33] has shown that process 11 may n9t be a single step
but a BB type mechanism involving an intermediate (02-M)

k*

e- + (0 2 .M)---- (0 2 -M)- (12)
(0 .)* k6  _
( *M * -- 0 2 + M + e- (13)

(0 2 .M) -* k7 ~ e 13

+ M 7 02- + 2M (14)

In the treatment made by Kokaku and coworkers[32,33] kef f is expressed as

k = BB + kegk 5k7[m] (15)
eff eff k6+k7 M]

weeBB9

where f is equivalent to Eq. 8. The estimated values of k5 are (2-20)xlO
-9

cm
3
/sec depending on M, where it is highly attractive that all the values for

k5 are much larger than the value of kI (=4.8xlO-llcm
3
/sec). This result sug-

gests that in the case of vdW molecules the initial electron capture mechanism
differs substantially from the case of isolated molecules. There was some doubt
in the proposed vdW mechanism in a sense that the introduction of such mechanism
resulted from the procedure of data analysis in order to elucidate the addition-
al mechanism of electron attachment at higher pressures of M. A recent study
by Shimamori and Fessenden[41], however, has wiped out this doubt and verified
the presence of the vdW mechanism. They have measured tb temperature depen-
dence of three-body rate constants in pure 02 (1

6
02 and 102), 02-N 2 , and 02-CO

mixtures. The 1802 molecule has been used in order to understand the effect of
a change in the resonance energy of the electron attachment. It has been found
in the above system that when temperature is lowered from room temperature down
to liquid nitrogen temperature the rate constants show marked increases. The
result for 1602 is shown in Fig. 3. According to Herzenberg's theory[461, which
is based on the Breit-Wigner formalism for the resonance capture, the three-
body rate constant, as denoted here by k

BB 
which corresponds to the experimen-

tally obtained kM, can be expressed as

k
B  

2(h
2  

_32 k-()
3
/
2
exp(-Eo/kT) (16)

where h, m, and k have their usual meanings, kL the Langevin's rate constant,
the stabilization efficiency, T the absolute temperature, and E0 the resonance

energy. Equation 16 predicts a simple decrease in rate constant with reduced
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02

(0 '

FIGURE 3 '
The temperature dependence of the
three-body rate constant of 02[41]. . /

The broken line shows the temper- I0 /
ature dependence of the rate con- 0

stant calculated from Herzenberg's
theory[46]. The solid line shows
a calculated curve which involves jo5
both the contributions from the
broken line and the rate constant
due to electron attachment to ven
der Waals molecule (02)2.

0 '00 200 300
Temperoure (*K)

temperature. The expected curve for 1602 calculated from Eq. 16 assuming to
be unity is drawn in Fig. 3. Since an extra contribution which increases with
lowered temperature is evident, electron attachment to the vdW molecule (1602)2
has been proposed to account for this. Similarly the importance of electron
attachment to (02.N2 ) and (02 .C0) has also been demonstrated. Consequently the
proposed mechanism responsible for the extra increase in attachment rates at
low temperaturec is written as

e- + (02 .M) 8  02- + M (17)

where M is not only a foreign molecule, but can be 02 itself in the case of
pure 02. Thus the total effective rate constant can be expressed as

keff = kM[M] + Keqks[M] (18)

where the first-term means a contribution from the BB mechanism in the low-
pressure region. As the dependence of the excess portion of the rate constant
on temperature follows rather closely the density of vdW molecules calculated
on the basis of Stogryn and Hirschfelder's theory[80], the rate constant for
electron attachment to vdW molecules is only weakly dependent on temperature.
The estimated rate constants for this attachment are of the same order of mag-
nitude as those obtained from high pressure data.

It is evident that not only at low temperatures but even at room temperature
there are definite contributions from electron attachment to vdW molecules. In
the case of pure oxygen approximately 10% of the attachment may be due to the
vdW molecules at around room temperature. Quite remarkable is the result of
02-N2 mixtures. The three-body rate constant for N2 increases monotonically
with reduced temperature, which implies that most of the electron attachment is
resulting from a vdW mechanism at all temperatures studied (79-300 K). There-
fore previous analyses and the interpretation of the experimental data for 02-N 2
system may need to be changed somewhat as far as the detailed mechanism is
concerned.
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Both pressure dependent[32,33] and temperature dependent[411 experiments,
therefore, have given the evidence for an important role of pre-existing vdW
molecules in the mechanism of thermal electron attachment in pure 02 and 02-M
mixtures. In the pressure dependent experiments, however, the obtained data
have been analyzed, assuming the vdW mechanism as an gverall two stage mecha-
nism involving a collisional stabilization of (02 -M) , while in the tempera-
ture dependent experiments assuming the mechnism as a single-step process
without collisional stabilization of (02 .M)- . In order to get quantitative
information about the vdW mechanism, it has been necessary to make experiments
in the wide range of both pressure and temperature and to analyze the obtained
data without these assumptions[35-37].

To analyze the experimental data of 02-C2H6, 02-C2H4 and 02-N2 mixtures, a
general vdW mechanism has been presented [35-37i as follows;

e + (02.M) - (02'- 19)
_*k

(02 -M) (02.M) + e- (20)
klo

- 02 + M + e- (21)
kll

- 02- + M (22)

(0 2 .M) + M 12 02" + 2M (23)
k1 3

02 + 2M + e (24)

The observed electron attachment rate constant, keff, is divided into two com-
ponents.

= kBB + ,vdW (25)
keff eff eff

The former component corresponds to electron attachment to isolatea oxygen mol-
ecule or the BB mechanism, while the latter component to electron attachment to
vdW molecule or the mechanism as listed above. The both components can be
expressed as,

= klk B[M]+ k5 (k11 +k1 2[M])LM] (26)
keff =I MBB + K eq 5

kIkM [N k 9 1+k 1 +k 1 +(k1 2+k1 3 )[M ]

This is a general expression for the pressure dependence of the observed attach-
ment rate. The temperature dependence of the process 19 is given by,

k 2 27h 2  r5( ,3/
2exp(.Er/kT) (27)k5  = ' 7m k ) 3 / 22 7)

where Er and r5 are, respectively, the energy and the width for the resonance
attachment process 19. The observed electron attachment rates in the wide
ranges of both pressure and temperature have been analyzed using Eqs. 16, 26
and 27 by the least-square fitting. Important rate parameters for the BB mecha-
nism such as the rate~constant for the initial electron attachment to 02 (kl),
the lifetime T of 02" (X2Hg, v'=4); i.e., the resonance width, and the overall
three body attachment rate constants have been obtained from the experiments on
02 -C2H6 , 02-C2 H4 , and 02 -N2 mixtures. The values of T are again in good agree-
ment with those obtained by theories (See Table 2). Each three body rate con-
stant is, respectively, smaller than that obtained previously without taking



162 Y. Hatano

TABLE 3 Rate Constant k5 , Resonance Energy Er, Resonance Width F5 ,

Electron Density vrfr and Cross Section ch

(02"M) Er(meV) F5 (peV) vrfr oh(A
2
) k5 (lo-llcm

3
/sec)

(02 -N2 ) 20 800 0.71 2500 3000
(02 -C2H6 ) 30 450 0.89 1700 1100

(02-C 2H4 ) 45 270 0.92 1100 380

02 88(E0) 10(r1 ) 0.47 570 3(kl)

into consideration of the vdW mechanism (See Table 1). The value of kI obtained
from 02 -N2 Eystem[37], which is selected as a convenient system to determine the
value of k1 , is about 3xlO-llcm

3
/sec. This value agrees within experimental

errors with those obtained from 02-C2H6135] and 02-C2H4136] systems, and with
the value, 4.8xlO-llcm

3
/sec, which was obtained previously by Shimamori and

Hatano[31]. This value is also consistent with qualitative results of k1 ob-
tained by other groups[66,69,71] expect for the value obtained by the extremely
high pressure swarm technique[62]. It should be noted here that the value

3xlO-lcm
3
/sec, is in good agreement with the theoretical values, 2 .5xlO-li[ 57-

59] and 2.1xiO-ll[601 cm
3
/sec.

The important rate parameters for the vdW mechanism such as the rate constant
for the initial electron attachment to (02 .M) where M=C 2H6 , C2H4 and N2 , and the
lifetime - of (02 .M)-*, i.e., the resonance width, have been also obtained from
this experimlent[35-37]. The rate constants for the initial electron attachment
to (02-M) which are summarized in Table 3 are larger then those obtained from

either pressure- or temperature-dependent experiment with an assumed mechanism.

0.5'
S0.4- 02
0.3

9 0.3 -
n.-.I 0 . O -(v'-4)-M I ,Z 0.1 >
. o __, 02 (V 0) -M _0

< -.I o (V'=3)-M I>
z I0.2 0,'

Z 01

,, -0.3- 02 z
0 -0.4- O.8*- 0

0 5 1.0 *\,

0 '91 Z
ro, 4 'k \I-

r02r 1,6 -x  -0.4 0_

r0

0-0 -0.

FIGURE 4
A model of variation of potential energies for 02(v=O)-M and
02(v'=4)-M systems as a function of intermolecular distance[1g].
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The values of k5 in Table 3 are again much larger than the above-mentioned kl
values. The values of the resonance energy and width are also summarized in
Table 3. L . , .. , .>, , e + (02 .M) (0 2 -M) .

e + 02 02- : ',r ',,

J-371 The
reason for the decrease in the resonance energy has been ascribed to the fact
that the resonance state is much stabilized by the polarization interaction be-
tween 02 and M[19,35,41]. Such situation is depicted in Fig. 4 where schematic
potential energy curves are shown for 02-M and 02 -M systems[19]. Figure 4
shows that near to the equilibrium intermolecular distance the effective reso-
nance energy of 02--M system is much reduced and even superimposed on the 02-M
curve. The existence of a number of vibrational states in both ion complex and
neutral systems may be another major factor of the large transition probabil-
ities.

When the resonance vw'dth is narrower than the energy distribution of thermal
electrons, the attachment rate constant is expressed as,

k vf-dv = vf -dv (28)
5 r r!

where v is electron velocity, f is a Maxwell distribution function of elec-
trons, c is attachment cross section, the suffix r means a value at resonance
energy Er . The factor vrfr in this equation means the density of electrons
with velocity vr to attach to vdW molecules. The value of vrfr is given in
Table 3, which shows that vrfr increases with decreasing r-sonance energy. The
number of electrons which can attach to vdW molecules increase as compared with
those to isolated 09.

Since the cross section of a resonance process is expressed by the Breit-
Wigner formula[46,84, 5], the energy-intergrated cross section is written ,s
follows;

42

dE = - h 1 5  
(2g)

where k is the wave number of incident electron, Er dO ' are assumed to be in-
dependent of energy, and "h means the effective magnitude of electroi, attachment
cross section, which equals to - - - . .....

, "' . : . - is also listed in
Table 3. At -emely low enrrgy electron collision suck as electron attachment
to vdW molecu, a "small" vdW molecule is supposed to collide with "large"
electron clouds, of which cross section is determined by a size of the de
Eroglie wave length of incident electrons. With decreasing the iesonance ener-
gly, therefore, the attachment cross section should increase. It should be
no'ed that the maxinam value of emprically obtained cross section values for
jissociative attachment processes at low energy are resonablv explained by the
de Broglie wavelength of incident elertron[86,871.

The resonance width F5 is expressed by Wigner's threshold rule[57-59]

F , k?'+l;F12 (30

wher- F is the Francl,-Condon factor und ' is an anaular momentum of rcsonant
eiect,)nic partial wave. In the case of isolatcJ 02 the resonance state
02-*(X- g,v'=4 ) can couple with only one electronic partial wave with an angu-
lar monentum -=2[46,57-59J. In the c ,e of vdW molecules intermolecular inter-
action may couple with additional p'-tial waves such as p wave and s wave with
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low energy. If the orbital of 02"([ q) is distorted by a third-body molecule,
new attachment channels can open wit6 lower angular momentum of electrons and
the resonance width may increase.

It has been necessary to make a quantitatioe -aaaZation of these effects
using precise wave functions of 02 -M system. Very recently, Huo et al.[88]
have made such calculations on 02 -N2 system and compared their result with ex-
periments. They have been successful in explaining the large enhancement in
the attachment rate constant for vdW molecules using SCF wave functions corre-
sponding to two geometries, T-shape and linear, for (02 -N2 ) vdW molecules. The
large enhancement in the attachment rate constant has been clearly elucidated
quantitatively in this theoretical calculation by the effect of additional vi-
brational structures of the vdW molecule on the attachment process, the symme-
try breaking which allows the molecule to attach a p wave electron, and the
lowering of resonance energy due to a deeper 02 -N2 potential if, comparison
with 02-N2 potential as shown schematically in Fig. 4.

Very recently an interesting approach to this problem[42,43], the use of
1802 instead of 1602, has substantiated further the electron attachment to vdW

molecules. For the BB mechanism, t;z,- .-.', may be expected to appear
as change in rates of the initial attachment and autoionization channels,
which are caused by the decrease of the resonance energy for ?802 in comparison
with 1602. Sych an effect brings about the increase of the three-body rate
constant for 1802 by a factor of about 2.4 which is obtained from the isotope
effect of Eq. 16. In the case of the BB mechanism, therefore, the ratio of the
three-body rate constant for 1802 system to that for 1602 system at the same

temperature should be 2.4, while in the case of the vdW mechanism the ratio is
expected to be unity. The experimental ratios for rare gases as third bodies
are almost equal to or even less than unity, which strongly indicates that the
BB mechanism is not important and therefore the vdW mechanism dominates in these
systems. In contrast with rare gasses the ratios for hydrocarbons are rather
close to the theoretically estimated value 2.4.

As mentioned in the introduction of this review, electron swarm data[621 were
reported in 02-C2H6, 02 -C2H4 and 02-N2 systems up to about 1021 molecules/cm

3

(3xlo
4
Torr) and simply elucidated only by the BB mechanism. Ar. attempt has been

made[33,35,36], therefore, .K-. ..',.' by the com-
bination of the 88 mechanism and the vdW mechanism. The electron swarm data for

02-C2H6 and 02-C2H4 systems are well explained up to about 4xl0
20 

molecules/cm
3

by the combination of both mechanisms. It is obvious that the contribution from
the vdW molecule is dominant in these density ranges. The large deviations in
the data from the combination of the two mechanisms at the higher densities than

4xl0
20 

molecules/cm
3 
may indicate the electron attachment to large vdW molecules

such as 02(C2H6) 2 , or may require to introduce additionally some :ollective
properties of these hydrocarbon molecules to explain the density effect of elec-
tron attachment in this region.

An attempt has been made to explain theoretically such density effects in
the whole density ranges by using ;.. .- - '."- , :. 89,90], in which the

electron attachment rate to an 02 molecule depends on the number of hydrocarbon
molecules inside an effective volume over which the electron attachment rate is
significantly perturved. The least-squares fit of the theoretically obtained
equation to the data has given various rate parameters corresponding to the
contribution from the larger clusters.

Electron attachment to 02 has b n investigated in . . .. hydrocarbon
fluids at densities up to about 10' molecules/cm

3 
using the pulsed electric

conductivity technique[9l], and the results have been explained in terms of the
effect of the change in the electron potential energy and the polarization
energy of 02 in the medium fluids. In general electron attachment to 02 is

considered to be a convenient probe to explore electron dynamics in the con-
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densed phase.

It must be pointed out finally that, since in many 02-M systems the BB mech-
anism has been found to be unsatisfactory especially in dense gases or at low
temperatures and even at ordinary experimental condition such as at room tem-
perature at low pressures an evidence for electron attachment to pre-existing
vdW molecules has been obtained, then the magnitudes of the values of three body
rate constants listed in Table 1 may not reflect the magnitudes of collisional
stabilization efficiencies of 02-* by third bodies.

3. THERMAL ELECTRON ATTACHMENT TO VAN DER WAALS MOLECULES CONTAINING N20 AND

OTHER MOLECULES, AND A GENERAL DISCUSSIUN OF THE ATTACHMENT MECHANISM

There have been a number of studies of low-energy electron attachment to N20.
The proposed mechanism was a dissociative electron attachment,

e- + N20 - N2 + O- (31)

This process is known to be 0.21 eV endothermic, but early electron impact
studies[92,93] indicated the process to have a threshold close to 0 eV, which
was explained by attachment to internally excited N20 molecules[94]. In fact a
strong temperature dependence of 0 formation was found at electron energies
near 0 eV[95].

On the other hand, quite interesting was the observation of an apparent
three-body pressure dependence of attachment rates in pure N20 even at electron
energies below 0.2 eV[96,97]. This effect was ascribed to a three-body reaction

e- + N20 + N20 - N20- + N20 (32)

although there has been no evidence for N20 formation by direct electron
capture.

Most significant results obtained in recent studies[38-40], however, are the
appearance of upward deviation from the saturation curve as expected from the

two-step three-body processes for attachment rate in N2O-hydrocarbon and N2 0-
CO2 mixtures in the high pressure regions. This bihavior has been explained by
the appearance of electron attachment to vdW molecules.

K
N20 + M _t9_ (N20.M) (33)

e- + (N20.M) - Products (34)

The estimated values of k14 are (2-]O)xlO- 11cm 3/sec depending on the third

body M. These are about two orders of magnitudes larger than that for e- + N20
N20-*. It has also been found that the excess portion of the attachment

rates shows almost no temperature dependence thus suggesting that process 34
has quite a small activation energy.

All these characteristics are quite similar to the case of oxygen. There-
fore essentially the same effects as discussed in the case of 02 may be respon-
sible in the mechanism of electron attachment to the vdW complex (N20.M). It
may be olausible to extract from the results of 02 and N20 systems some general
conditions under which one can predict the existence of electron attachment to
vdW molecules. The common feature to both 02 and N20 is that the rate constants
of electron attachment to thosp isolated molecules are relatively small (10

- 
1

-

lO-1
3
cm

3
/sec) on an absolute scale. This is due to the presence of activation

energy, i.e., the resonance energy, for electron attachment (0.08 eV for 02 and

0.23 eV for N20). In contrast there is virtually no activation energy in the
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electron attachment to vdW molecules containing 02 or N20, thus yielding much
larger rate constants for this process. The formation of vdW complexes appears
to act just like it has an effect of lowering the activation energy or the
resonance energy. Consequently one may expect to observe the contribution of
vdW molecules only for compounds which have activation energies for electron
attachment, or for the molecules of which attachment cross section for electron
energies near thermal increases with increasing electron energy.

Independently nf the experiments on 02 and N20 systems, however, electron
attachment to hydrogen halide dimer, (HX)2, has been observed by Nagra and
Armstrong[47-49]. Although there are similarities between the vdW mechanisms
for 02 and N2 0 systems and HX system, there are some significant deferences.
The rate constant for e- + HX is already close to the maximum value and the
large enhancement in the rate constant can not be expected for e- + (HX) 2 . The
mechanism of this type of electron attachment to vdW molecules may be largely
different from that of 02 or N20 system.

Recent preliminary studies[98] of thermal electron attachment to CH2Cl2 in
pure CH2CI2 and CH2Cl2-hydrocarbon mixtures may be interesting from the point
of view discussed above. In order to confirm the above viewpoint the pressure
dependence of thermal electron attachment rates have been examined in SF6 -
hydrocarbon and n-C4 FlO-hydrocarbon mixtures[98]. The observation of the pres-
sure dependent electron attachment to S02, C2H5Br and C6H6 at very high pres-
sures of N2 , C2H4 , and Ar as environmental gases[62,99,100] is also quite
attractive.

One may expect generally that even in the case of molecules with negative
electron affinities or with high threshold electron energies for attachment
some environmental effects or the effect of the vdW molecule formation bring
about the large enhancement in the cross sections or the rate constants for the
lower energy electron attachment to these molecules. Based on the discussions
presented in the preceding chapters in this review, the reasons for this expec-
tation are . as follows:

1) 7,. --; , , f ":'- . ?, ",- due to a dpeper ion-neutral potential
in comparison with neutral-neutral potential of the vdW molecule.

2) , it:. u.,: .71z ,, : , of the vdW molecule.
3) , , ',r:; due to the vdW interaction which allows the molecule

to attach e ectron with :,it,
4) ,- -,) :1 , ;r,, -:, *_.,' ,. or the change of the vibration-

al modes due to the surrounding molecules.
5) 7';:, , ,, ;. of the formed negative ion with ex-

cess energies due to the presence of : '

Further investigation from different approaches is greatly needed to solve these
problems and thus to substantiate more an importdnt role of vdW molecules in the
mechanism of electron attachment.

4. ELECTRON ATTACHMENT TO VAN DER WALLS MOLECULES IN SONIC NOZZLE BEAMS

Electron attachment to vdW molecules has been observed also in electron
impact experiments using sonic nozzle beams.

Increasing interest has been shown recently in the static and dynamic behav-
ior of neutral and ionic clusters[lO]. In the case of ionic clusters there
have been already extensive studies on their stability and reaction dynamics,
while in the case of neutral clusters or vdW molecules which are relatively new
subjects of research there has been just a dramatic growth of interest in such
studies during the past several years. Various properties of vdW molecules,
e.g., their structure and size, have been investigated using optical spectros-
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copy and electron-impact or photoionization mass-spectrometry of vdW molecules
which are produced in sonic nozzle beams. Recently, however, special attention
has been paid further to the interactions or collisions of vdW molezees[83,101].
This is an important subject of research in the future from the viewpoint of
both collision research and cluster research.

Klots and Compton[102-106] have studied electron attachment to vdW polymers
of C02 , N20 and H20 which are produced in sonic expansions and found various
new features of electron attachment processes. In the case of C02 which has a
negative electron affinity and can not form stable linear C02 -, they have de-
tected (C02 )n with 2 n 6 and ascribed this result to stable bent CO2 surrounded
with linear CO2 molecules. In the case of N20 which one may expect a similar
conclusion to the case of CO2 , however, they have not detected (N20)n but
O (N20)n and explained the difference between the two cases in terms of ener-
getics of the fragmentation of the initially formed polymer ions. The observa-
tion of (CCI4)(CO2 ) is particularly interesting because thermal electron attach-
ment to CC1 4 yields almost entirely Cl . The detection of the parent ion, such
as those in the case of CO2 and CC1 4 surrounded with neutral molecules is a
good example of the col"isional stabilization b:! a built-in thirvd body. Experi-
mental evidence for the thermal electron attachment to CO2 to form CO was
already obtained in the condensed phase radiation chemistry[107-109]. In colli-
sions between fast potassium and CC1 4 the production of CCI4 has been reported
[110]. In the case of alkyl halides and aromatic halides in certain matrices
experimental evidence has been obtained using optical or electron spin resonance
spectroscopy technique also for the formation of their parent molecular negative
ions[lll,112]. These experimental results show obviously that some environment-
al conditions enable the molecule, which undergoes a dissociative electron at-
tachment, to form the stable parent negative ion.

Based on the experimental results on the collisional stabilization of nega-
tive ions with excess energies by built-in third body molecules Klots and
Compton[103] have discussed the implication of their results to the mecahnism
of the overall two-stage three-body electron attachment processes like the BB
mechanism. Their investigation have spurred much our experiments[32,33,41] on
electron attachment to 02 using the microwave technique.

Observation of the hydrated electron; (H20)n, in beam-experiments has been a
charanging subject in terms of electron attachment studies of vdW molecules.
Measurements of the hydrated or solvated electron has been extensively carried
out[113-116] in radiation chemistry and its related fields and almost conclusive
experimental evidence has been obtained for its formation not only in the con-
densed phase but also in the gas phase[117,118]. Theoretical investigations
have been also successful in describing its electronic properties and structures
[119]. Cluster-beam experiments have been recently attemped[104,120] to sub-
stantiate more the microscopic structure of the hydrated or solvated electron;
to detect (H20)n as a function of n, because the single H20 molecule has
a negative electron affinity and does not form a stable negative ion while some
stable structures of negatively charged water clusters in the isolated system
and also some microscopic structures of the hydrated electron in the condensed-
phase dielectric media have been theoretically proposed[121-124]. Haberland et
al.[125,126] have been recently successful in the detection of (H20)n where
n=2,3 and n-5 in the mass spectrometry of negative ions in an expandigg super-
sonic beam of water clusters mixed with electrons; i.e., B-rays from 3Ni or
photoelectrons produced by the irradiation of UV photons upon a metal surface.

5. NEGATIVE ION FORMATION IN HEAVY PARTICLE COLLISIONS WITH VAN DER WAALS
MOLECULES

Ion-pair formation by collisional charge transfer between neutral heavy
particles has been an effective source of information on the energetics and
dynamics of negative ion formation in electron attachment to neutral particles
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as well as an effective source of negative ion itself.[14]
Collisional electron transfer between neutrals, A and B;

A + B - A + B- (35)

has been extensively studied particularly for the combination of alkali atoms
(A) and electron-attaching molecules (B). Other species than alkali atoms,
such as various accelerated atoms in the ground state[127] or electronically
excited rare gas atoms[128], have been also used as an electron donor A.

Herschbach et al.[129,130] have used the collisional charge transfer from
fast Rb atoms to molecular clusters in sonic beams of C12, S02, or hydrogen
halides in order to study electron attachment to these clusters and observed
mass-spectrometrically various stable cluster ions such as those including n-
mer ions; i.e., (C12 )n and (S02). In the case of hydrogen halides the solvated
halide ions have been predominan and no evidence has been found for any intact
n-mer ions. It is particularly interesting from a similar point of view that
the Rydberg electron in a high-Rydberg state can be viewed as almost free and
slow. This has been demonstrated both theoretically and experimentally in a
variety of the combination of A and B[3,12,13]. In terms of the titled subject
here in this review there have been very recently interesting experimental re-
sults on the negative ion formation by collision of Rydberg atoms with cluster
molecules[131,132].

6. ELECTRON SOLVATION AND LOCALIZATION IN THE CONDENSED PHASE

This problem has been one of the central subjects in radiation chemistry and
now this is relevant to a variety of chemical areas, and even biological or
physical areas. Experimental evidence for thc oZatcU cut, has been ob-
tained using the radiolysis-product analysis, photoconductivity and optical or
electron spin resonance spectroscopy techniques[f13-116,119]. Solvated elec-
trons have been observed in a variety of polar solvents including water, alco-
hols, ammonia, amines, and ethers, and even in nonpolar solvents such as hydro-
carbons[133]. Optical absorption spectra of the solvated electron in various
solvents are characterized by a broad, structureless, and asymmetric band, and
are positioned at wavelength regions from visible to near-infrared depending on
the solvent.

Theoretical investigation of the solvated electron has been also extensively
carried out to explain the above-mentioned experimental results and therefore
to obtain information on electron solvent-molecule interaction or the structure
of the solvated electron[ll9]. Very recently the stability of negatively
charged water clusters have been theoretically investigated in terms of the
modeling of the hydrated electron[123,124].

Electrons are localized or trapped also in low temperature glassy or amor-
phous matrices of these solvent-molecules and observed by optical or electron
spin resonance spectroscopy techniques[134,135]. Electron localization and
reactivities in various condensed media particularly in nonpolar media have
been investigated also by measuring electrical conductivities due to the excess
electrons in the media[136]; the measurements of electron mobilities[137], and
potential-energies[138], which are largely dependent on the molecular structure
of medium molecules. These values, and their temperature and density depen-
dences have been measured in a variety of liquids[139]. Electron attachment to
solute molecules and electron-ion recombination have been also investigated in
these media[140]. In order to clarify systematically the static and dynamic
behavior of the electrons in the condensed phase, these values have been mea-
sured also in dense gases and molecular crystals [141-143,158-162].

Although there have been a variety of experimental and theoretical investi-
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gations as to electron solvation, localization, trapping, and reactivities in
the condensed phase, further investigations from different approaches; one is
from gas-phase science, the other is from solid-state science, are greatly
needed to solve remaining important problems and thus to substantiate more the
electrons in the condensed phase. One of the strong candidates among the former
approaches to solve this problem is the investigation of electron interaction
with vdW molecules, while that among the latter approaches is the investigation
of electron interaction with thin-layer molecular solids[144-150].

7. CONCLUSIONS

Electron attachment to van der Waals molecules has been observed in both
dense gases and sonic nozzle beams. The large enhancement in the attachment
rate constants in comparison with those for the ordinary attachment to isolated
single molecules has been ascribed to essentially important several factors(See
Section 3) which change the electron attachment resonance mechanism due to the
presence of the vdW interaction between the host molecule such as 02, N20, C02,
H20, etc. and the surrounding molecules. It is also interesting to observe
negative ion formation in the collision of vdW molecules with alkali metal
atoms or high Rydberg atoms. Based on these experimental results, one may ex-
pect generally that even in the case of molecules with negative electron affin-
ities or with high threshold electron energies for attachment some environment-
al effects or the effect of vdW molecule formation bring about the large en-
hancement in the cross sections or the rate constants for the electron attach-
ment at the lower energies.

The distinct features of the electron attachment to vdW molecules as summa-
rized above may become a substantial clue to understand the fundamental nature
of electron attachment not only in dense gases but also in the condensed phase.
It is also apparent that most of the electron attachment in bulk system is no
longer a simple process as consisted of the interaction of electron with iso-
lated molecules. A definitely important role of pre-existing vdW molecules
formed by weak intermolecular forces must be admitted. From this point of
view, interesting phenomena in ionized gases such as the attachment cooling
effect[151-155] and the response-time of the air-filled fast-response ioniza-
tion chamber[156,157] should be analyzed by taking into account the important
role of vdW molecules in the electron attachment mechanism.

In order to further substantiate the detailed situation of vdW molecules in
the electron attachment mechanism more elaborate work will be required both ex-
perimentally and theoretically.
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1. INTRODUCTION

Electron detachment in negative ion collisions has attracted much attention over past
years. Study of this process provides a "simple" means. of investigating interactions
between discrete states and continua. Indeed negative ions possess no singly excited
states (e.g. Isni for H-) and hence direct detachment ie the process

A- + B-- A+B+e- (D.D.)

i the first energetically accessible electronically inelastic channel
Other processes, like target or projectile excitation

A-+B--- A +B + e
A- + B - A (or A*) + B + e

may also be important.
Numerous experimental and some theoretical studies of a few of the simplest

negative ions like H- and some halogen negative ions have been performed in a wide
collision energy range and in some cases have led to a fair understanding of the main
detachment channels. More recently collisions with molecular targets have attracted
considerable interest and some insight into some peculiarities of these collisions has now
been gained.

In this review I shall limit myself to a discussion of low ke V negative ion collisions
where in most cases a molecular description of the collision should be valid. I shall also
limit the discussion to the presentation of mainly results concerning the most extensively
studied negative ion i.e. H-. The conclusions that can be drawn from the following
discussion are quite general however, and will illustrate the main aspects of electron
detachment is negative ion collisions known to date. More complete reviews of various
aspects of this subject may be found elsewhere (1-4).

2. EXPERIMENTAL ASPECTS

To date the available experimental data on electron detachment in negative ion
collisions has come from three types of experiments.

The first type concerns total detachment cross section (TDCS) measurements. These
have been mainly performed either by electron collection (5) or by monitoring incident
beam attenuation (6). The latter type of measurements may suffer serious drawbacks at
low energies due to large angle elastic scattering, and in both cases one can not
distinguish between single ( Q n) and double ( Q ) electron loss. Neutral particle
detection has also been used at 'high energies (7 buk'here some arbitrary assumptions
about their detections efficiencies are usually made.

TDCS measurements give a global information about detachment giving the
importance of this process as a function of energy. In certain cases, as will be seen

below, some information about the dynamics of this process may also be obtained.
Further information may be gained from the measurement of detached electron

LII ll I I l
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energy spectra (DEES). These yield high resolution information about (i) the spectrum of
detached electrons in the detachment process (ii) decay channels of unstable states, and
(iii) the characteristics of the spatial distribution of the electrons. To date DEES
measurements have not been performed in coincidence with the scattered neutrals and
hence they correspond to a sum over all detachment channels and also all impact
parameters.

One should mention a serious problem in DEES measurements related to the correct
deternination of the transmission function (variation of the transmitted electron
intensity as a function of electron energy). This effect was not taken into account in
early measurements of e.g. Risley (8), but is taken into account in more recent studies
(9-1).

The transmission funcion is determined by studying ionisation (for E < 2 eV) and
elastic scattering ( E > 2eV) in electron He collisions. At low energies fhe method is
based on the knowledge of the Wannier threshold law and at high energy on the elastic
scattering measurements (9).

To date the most in depth information about detachment has come from differential
TOF neutral energy loss studies 12-14 . These allow the separate study of the various
detachment channels, the determination of the differential cross sections, (DCS), which
in turn upon integration can yield data about the relative contribution of the various
channels to the TDCS. A particularly interesting aspect of TOF studies is that in certain
cases they can give information about the impact parameter dependence of DEES, slnce
by energy conservation the neutral particle encrgy loss spectrum rcproduces it

A- + B--A(-f(c)) + B + e-(+ f(E))

TOF studies are however limited to a small energy range (0,1 to 2 keV) on the present
setups. The low energy limit is due to low detection efficiency of neutrals of the
detectors (usually multichannel plates) used. Also the energy resolution is limited. Indeed
the best resolution obtained to date is of about 0,3 eV.

Finally some information about detachment has come from a study of the elastic DCS
(12, 13, 15, 16). Here the study of the absorption of this DCS due to detachment as a
function of collision energy can provide useful information about the detachment
dynamics.

3. ELECTRON DETACHMENT IN COLLISIONS WITH ATOMIC TARGETS

Let us now consider some results pertaining to collisions with some of the most
frequently used targets, i.e. the inert gasses (I.G.). We shall first consider TDCS. These
usually increase more or less sharply from a threshold which is somewhat higher than the
electron affinity (e.g. about 6 eV for Cl- Ar collisions and around I eV for H- He
collisions) and then reach a broad maximum which extends over tens of key (for H-)
before decreasing slowly at higher energies. Fig I illustrates the TDCS for H-(D-)
collisions with He (17) and Ne (18) plotted as a function of center of mass energy (Ecm).
Such a plot corresponds to the fact that for the same Ecm the ions will follow the same
trajectory but with different radial velocities. It can be seen that in the case of He, the
heavier and hence slower isotope has the greater TDCS. In the case of Ne the TDCS is
greater for the lighter and hence faster isotope. The study of the isotope effects in
H-(D-) I.G. collisions thus reveals two apparently distinct behaviours of the detachment
process. A further difference between the He and Ne case should be noted. For He the
TDCS rises sharply from threshold. Whereas for Ne a slowly increasing cross section is
obtained which is also significantly smaller than in the He case. At higher energies the
TDCS are found to increase slowly till energies of the order of some tens of keV.

How can one account for these features ? One of the first attempts to describe
detachment in H- He collisions was made by Lam et al (5) using the local complex
potential (LCP) description, which is well known in electron molecule collisions and has
been used in treatments of Penning lonisation. In this model one assumes that the energy
level associated with the initial AB- state (fig 2a) crosses the level of the continuum
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Fig 1. Total dletachment cross sections versus relative energy for (a) H-/D~-He
collisions. Experiment (17), theory (5), (23) (20) .(b) H7/D'Te collisions.
Experiment (I8), theory (21) and (29).
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Fig 2. Schematic diagram of the A B- and A B states. (a) LCP descriptions and (b)
ZRP descriptions.
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state corresponding to the quasimolecule AB. One then speaks of a quasistationary state
which corresponds to a resonance in the inverse process of electron m:!cculc collisions.
Under certain conditions one can show (19) that the detachment problem reduces to the
consideration of the decay of this quasistationary state whose energy is given by the
local complex potential

E(R)= V(R) - i12 r(R), F(R) 0 for R > RC

In this description one neglects all dynamic effects, ie the effects of nuclear motion
(radial or rotational couplings) on the detachment probability, which is given by

Pd =  I - exp(-FF.dt) = I - exp(-fmin dR.IR)/v(R))

where R . is the distance of closest approach and v(R) is the radial velocity. Thus here
the prodr r dt determines the detachment probability and the energy spectrum of
detached electrons. One can therefore expect that the TDCS will increase rapidly from a
threshold energy given by E(R ). As the collision energy increases the time spent in the
continuum will decrease and the TDCS will then decrease with increasing energy. This
behaviour may be seen on the example of the H- He TDCS calculatcd by Lam et al (5)
(fig. 1). In the LCP model the D- TDCS will obviously be larger than that for H- for the
same Ecm. Lam et al's fit reproduces the low energy behaviour of the TDCS but fails at
high energies. Also it is clear, that though the isotope effect predicted in this model is
consistent with the experimental findings for H- He collisons, this is certainly not true
for H- Ne collisions.

Thus it appears that the applicability of this model may be very limited. This is
further confirmed by the study of detachment in other negative ion systems like e.g. CI
I.G. collisions where fits in the LCP model gave reasonable results only in a limited
energy range (13). In some systems (15) the absorption of the elastic DCS due to
detachment was found to increase with increasing energy - an effect opposit- to the one
expected in the LCP model.

The failure of the LCP model is clearly associated with the neglect of dynamic,
nuclear motion induced effects (radial or rotational couplings). One is thus led to
consider treatments in which these are taken into account. Efforts have been made in
the past few years to develop what some authors call a "dynamical complex potential"
treatment (20) and some of these theories are presented in the poster sessions of this
meeting. As an example of such a treatment one can mention the semi classical close
coupling description of Delos and coworkers (20, 21) in which promisingly good
agreement with the TDCS and isotope effects fo, the H- He and H-Ne cases has been
achieved (fig 1). It should be noted however that the coupling elements are not evaluated
ab initio but some modeling assumptions are made.

I will not go any further into these descriptions but turn to a somewhat (22) different
model proposed in 1964 by Demkov, ie the zero range potential (Z R P) model.

The situation considered is shown in fig 2b where for distances smaller than Rm (the
merging point of the AB- and AB curves) there is no quasistationsary state but the
electron is essentially free (formally speaking this corrtsponds to the existence of a
virtual state).

As the negative ion and atom approach the ionisation potential of the system will be
small and the wave function of the weakly bound outer electron will have dimensions
that are appreciably greater than the region where the potential is significantly different
from zero. One can then divide the space into an outer region where the electron is
essentially free and an inner region corresponding to the neutral core and whose effect
on the outer electron may be defined by specifying a boundary condition on the
logarithmic derivative of the wave function. In the limit the dimensions of the inner
region may be neglected and the boundary condition specified at the origin. The effect of
the changes in internuclear distance in time may be modelled by specifying a time
dependant boundary condition. The problem thus reduces to solving the Schr6dinger
equation for a free particle (s waves)

(2- .d 2/dr2 + id/dt)i (r,t) = 0 (1)
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with the boundary condition
( -M)l(dP/dr) r:0 = f(t) (2)

When f(t) is negative there exists a bound Vtates of energy f2 /2 . Positive values of
f() corresponding to a negative eigenvalue-f / 2 are physically inacceptable with a
wavefunction (exp(f.r)) exponentially increasing for large r. The boundary condition (2) in
principle contains all the information relevant to the problem in particular information
about low energy scattering of electrons off the AB molecule. Indeed the continuum
wavefunction for a wavenumber k is

p sin(kr + 6)/r (3)

and the phase is determined from the relation (2)

k.ctg(6) = - f (4)

Comparison of (4) with the expression for the expansion of the phaseshift on a short
range potential for small k.

k ctg (, ) = -1/a + r.k
2

/2 (5)

where q is the effective range, and 'a' the scattering length shows that for a zero range
potential

f = 1/a

The zero range potential thus provides a uniied treatment of both bound and
continuum states.

The f(t) function that models negative ion atom collision is shcqwn schematically in fig
3. For t-- - there is a bound state of energy --- c a 

= 
-a'/2

where Ea is the electron affinity. As the negation ion and atom approach the binding
energy decreases becoming eventually zero and then again increases tending to E. as t -
- +C0

Integration of (I) under the condition (2) and the initial condition

p(r,t) = 2,'-exp(-n.r + ic 2.t/2) as t --

yields as t - +w (Demkov 1964)

(r,t) M27 . exp(-ar + ia 
2
t/2) + R(r,t)

the square of the modulus of the coefficient C determines the probability W that
detachment will not occur. The residual term R(r,t) represents a spreading wave packet
For large t this packet characterises a free electron and expansion of R(r,t) into a
Fourrier integral gives the momentum distribution of the detached electron.

In order to apply the above model knowledge of the negative ion atom and atom-atom
states are necessay. These determine the binding energy r (R) and therefore a R
dependent boundary condition f(R) = - vr'-*'TffY, which for a givcn collision energy and
knowing the potentials gives f(t). Once f(t) is known the problem may be solved
numerically to give the detachment probability and the detached electron spectrum. This
procedure allows in particular to visualise the detachment process since the
wavefunction is known at all instants of time. Fig 3b represents2the instantaneous
probability of finding the outer electron at a distance r. ie /4(r)/ (23). The initial
distribution (at t = -53 a.u) is a straight line in a logarithmic plot. If the system were to
evolve adiabatically this distribution would remain a straight line with its slope
decreasing during the collision as the atoms approach, untill it would eventually
correspond to an electron uniformly distributed in space. However as can be seen in fig
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3b. this is not the case. At a certain irne the variation of the boundary condition is not
followed adiabaticcaly and log / i,(r)/ changes only is a small region around the origin.
When Jhe system enters the continuum, for positive f this results in a hump in the log
I f(r)/ plot and the electron moves out from the origin. As the atoms separate and f
becomes negative again, only that part of the wavepracket that remains in the central
region can be recaptured whereas the rest spreads out in space. The hump in the figure
that moves out as t increases (corresponding to R (r,t) above) represents the escaping
electron, while the linear part at the origin corresponds to the recaptured electron.

We thus see Lhat as the atoms approach the system first follows adiabatically the
changes at the origin, but then at some time the change is too rapid leading to the
nonadiabatic behaviour of the sy3tcm and resulting detachment of the outer electron.

It is clear from qualitative considerations that the greater the collision velocity, the
sooner will be felt the changes in the binding energy, leading to the nonadiabatic
behaviour of the system. In other words with increasing velocity the internuclear
distance corresponding to the onset of thc nonadiabatic behaviour should increase. It is
also clear that at high velocities the wavepacket found at small internuclear distances
•,,'! iiivc '2ss time to spread out and therefore the recapture probability (Ps) should
increase with energy for small R. Clearly rather different behaviours of the detachment
cross sections can therefcre be expected depending upon the relative importance of
these opposite effects.

The above image of a too rapid variation of the binding energy suggests a way to a
solution of the problem in the sudden approximation, where the actual f(t) function is
replaced by a step function (fig 3) located in the region of the beginning (time, -Tf) and
end (time + T ) of the sudden variation. The solution of the problem is thus obtained by
projecting thJ bound state function at -Tf onto the eigenfunction corresponding to t=0
and then at +T back onto the bound stdte function. This is the approach followed by
Bronfin and Eriolaev (24) and later by Gauyacq (25) using different definitions of Tf. A
conceptually similar model was also proposed by Herzenberg and Ojha (26). In these
models depending upon the definition of the "forgetting" point ie the moment when the
system ceases to evolve adiabatically TDCS which decrease (24) or increase (25, 26) witlh
increasing collision energy are obtained.

To illustrate further these effects let us look at the expression of the detachment
probability (Pd) in one of the early analytical models due to Devdariani (27) in which a
parabolic form for f(t) was assumed

2f(t) =:- t
2 + B3

2 2
Pd = 0.62 + 0.42(l - R min 2

/RI .2.M 0  0 
.2

where R is the merging point, R • the distance of closest approach, E the collision
energy, NYthe projectile mass and fVM ) derivative of f(R) at R

As can be seen Pd is finite for R >RM. For a given R .< , Pd increases as the
energy decreases (just as in the LCP model). On the other hafn for Rmi n > R,, Pd
increases as the energy increases. Thus in this model an important role is played bv
direct transitions from the discrete state into the continuum. The range of internuclear
distances leading to detachment increases with increasing energy and the TDCS
increases with energy due to the dominant role played by "tunnelling" transitions.

Devdariani's model was quite successful in describing most of the features of H_ I.G.
collisions (12). However some, like the H- Ne isotope effect could not be described. Also
the applicability of the parabolic approximation is rather limited (23, 27). Numerical
solutions of the real problem have therefore to be envisaged. This was made possible by a
calculation of the states of the (H He)-, and (H Ne) systems by Gauyacq (23) and Olson
and Liu (28). These calculations reveal an interesting difference between the two
systems. The (H Ne)- state was found to be bound for all internuclear distances whereas
the energy level of the (H He)- system was found to merge with that of the continuum of
states corresponding to H He and a free electron. Rather different behaviours of
detachment follow from this as illustrated by Gauyacq's calculation (23, 29) of Pd (R) for
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Fig 3. (a) Schematic diagram of the f(t) function and various approximations of it.
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(b) Time dependence of the instantaneous probability of finding the outer
electron at a distance r in a 250 eV H- He collision (impart parameter b
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Fig 5. (a) Detachment probability P (b) for the H-EHe and H-Ne systems for several
collision energies.
(b) Detached electron energy spectra for H- He collisions for some collision
energies. Points :experiment (9) Lines :theory (23).
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these systems (fig 5). For the H-He collisions for small R Pd is smaller for the higher
energies and for large R, Pd increases with increasing energy. It turns out that intra
continuum transitions dominate in collisions with He and hence the D- cross section i-
greater for the same relative energy than that for H-. In the case of Ne only "tunnelling"
transitions exist resulting in an ill defined detachment threshold and slowly increasing
TDCS as well as an inverted iqotope effect.

The origin of the differences between the H- He and H- Ne systems lies in the
changes of certain characteristics of the 2 parent neutral H I.G. systems i.e. in the
changes of the wavefunction of the ground 2 state near t.he first diabatic MO crossing
(fig. 4.). In the case of H Ne the 3do - 3sa MO crossing occurs at relatively large
internuclear distances (2) resulting in the (HNe)- state remaining bound. In the HHe case
the corresponding 2

pa - 2so crossing occurs at much smaller distances 0.5 and has no
effect on the (HHe)- ground state at large internuclear distances (2) where merging with
the continuum occurs. It may be noted in passing that in the HAr case the correspond ng
3do - 4sa crossing also occurs at largA distances (see Sidis (57) for the H' Ar problem)
and a situation similar to the H- Ne one, of a bound (HAr)- state and a similar isotope
effect may be anticipated and is indeed observed (39).

Fig. 5b shows the H-He DEES measured by Montmagnon et al (9). These are found to
be structureless and broaden slowly as the collision energy increases. Theoretical results
of Gauyacq (23) are found to be in excellent agreement with these spectra. As stated
previously this DEES represents a sum over all detachment channels and all impact
parameters. A more stringent test of theory would be provided by comparison with the
impact parameter dependence of these spectra for the direct detachment process. These
were made available by the TOF studies of Esaulov et al (12) and Tuan et al (30).

Fig. 6a shows a typical TOF spectrum obtained in H-He collisions. The first peak here
corresponds to the direct detachment (DD) process and the higher energy peak to various
excitation processes. The angular dependence of the DD peak is shown in fig. 6b along
with the theoretical predictions of Gauyacq. Excellent agreement is found and the theory
correctly describes the broadening of the spectrum for decreasing impact parameters.

The broadening and shifting to higher energy losses of the DD peak should be noted
carefully since in certain cases it may lead to ambiguities in the identification of peaks
in energy loss spectra.

Esaulov et al (12) have reported measurements of differential cross sections (DCS) of
the various processes observed. These 1CS (fig. 8) show that excitation processes in H-
He collisions make a small contribution to the TDCS (about 10% at 0.5 keV). The DEES
reported by Montmagnon et al should therefore not be significantly perturbed by these
and hence the above comparison with ZRP theory which does not take these into
account, is deemed to be meaningful.

The problem of the treatment of excitation processes comes up when trying to
calculate the DCS. A simple "hybrid" model was proposed by Esaulov et al (12) to include
excitation processes. As pointed out above in the ZRP model the outer electron is
assumed to be essentially free. This assumption can be extended (12) and it may be
assumed that the outer electron is unperturbed by inelastic processes in the core
collision and vice versa. The DCS can then be obtained as products of the survival or
detachment probability and the elastic and inelastic fDCS of the core H He collision. The
latter may be treated in a usual quasimolecular model.

SEL(- He) = Ps. oEL (H He)

Gd (H- He)= Pd . oEL (H He)

dW(H He)= Pd. (Y (H He)

and also o (H- He) = Ps . a JH He)

Here a (H He) corresponds to the DCS for excitation processes. The last equation
describes the formation of autodetaching states by recapture of the outer
electrons. Note that ionisation in the core will also produce excited states in a
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mechanism similar to the one proposed by Drukarev (31) in high energy H- collisions.

o+(H He) = Pd. O
+ 

(H He)

o#(H
~ He) = Ps . o + (H He)

In describing the H- He 'CS Esaulov et al assumed that ionisation in the core was not
significant at low energies as confirmed by existing measurements (32). Also because
autodetaching states are observed in the neutral channel in TOF stuales one gets

oer(H-He) = a-* (H He)

The results of these calculations of H- I.G. DCS are in excellent agreement with
exper'ment (fig. 7a).

In the above description the H I.G. DCS were taken from the experimertal work of
Benoit (35) and the calculations (for H He) of Benoit and Gauyacq (36). The latter also
give some justification for the model employed since they show that excitations in the
core occur at R at which the outer electron wavepacket is already spreading out from
the core. Note that this situation may not always occur and a priori the above model's
applicability could turn out to be limited.

The "hybrid" model also allows for a correction of the ZRP TDCS to include effects
due to excitation.

ZRP EXC ION

Q-1,0 = 
Q-I,0 + +Q-1,0 + AQ-I,0

where L 2 fPs(b) . Pexc (b). b. db

ION (
AQ-1 0  2TnjPs(b) . Pion (b) .b. db

Inclusion of these effects leads to an increase of the TDCS which in H-He collisions
amounts to 25% at I keV (23). This modrl also allows calculation of the H production
cross section. Noting that excitation proccesses occur at small R, where the detachment
probability is slowly varying one gets (56),

QION (H- He)= Pd> .QION (H He)

The result of such a calculation of QION is compared with the data of Risley and
Tennyson (34) in fig. 7b. The two calculations correspond to two sets of H He data (32,
33). The better agreement with data of (33) is presumably due to an underestimation of
large angle scattering in (33) and (34a).

Summaring one sees that reasonably good general understanding of electron
detachment in H collisions was possible using the zero range potential model. This is
successful because it correctly accounts for dynamical nuclear motion induced (radial
coupling) effects. Study of other negative systems e.g studies of halogen negative ion
I.G. collisions (15, 37) also reveals the existence of such effects which are thus quite a
general phenomenon.

4. DETACHMENT IN COLLISIONS WITH MOLECULAR TARGETS

Collisions of negative ions with molecular targets have attracted much attention
recently. One of the characteristics of these systems is that at low collision energies (in
the c.m. frame) there often exists the possibility of nuclear rearangement channels and
we are thus confronted with the fascinating realm of reactive scattering. Thus for e.g.
F collisions with H 2 :

F-+ H2- FH + H" (c)
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F-+ H2 . F + H H- (d)

This may be accompanied by electron detachment

F-+ H 2 FH + H + e- (e)

F + H + H + e- (f)

We also have the possibility of direct detachment

F- + H 2 -....- F + H 2 + e- (g)

We shall not consider reactive scattering here, but rather turn to the characteristics of
the detachment processes. It should be noted that often isotope effects in reactive
scattering will render interpretation of isotope effects in accompanying detachment
processes rather difficult.

The first question that we shall ask ourselves concerns the importance of dynamic
effects. Measurements of the TDCS for the specific case mentioned above, clearly
illustrate their existance. Fig.8a shows the TDCS for F-H 2 (D2 and HD) collisions
measured by Huq et al (38). As can be seen for energies above about 10eV in the c.m.
frame the TDCS depends on the collision velocity and not on the c.m. energy as at the
lower energies. Huq et al attribute detachment in this region to the direct detachment
channel (g), and explain the behaviour of the TDCS as being due to the fact that the (F-
H 2 ) surface lies below that for (F + H 2 ) and hence as in H- Ne, detachment is purely
dynamic and has a small cross section. For E < 10eV detachment was attributed to
channels (f) and (e). At these energies it was assumed that the corresponding trajectories
lie within the continuum and an LCP model could be applicable since dynamic effects do
not seem important. Note however that the isotope effect observed is not attributable to
detachment alone but is strongly affected by the reactive scattering isotope effects also
seen in the ionic channels.

Recently another peculiar dual isotope effect was observed in the case of H-N
collisions (39, 40) 8b. At low energies the isotope effect is consistent with what one2

might expect of detachment occuring primarily in the continuum (as for H- He). Whereas
at high energies detachment appears to be dominated by some channel whose importance
increases as the collision velocity increases.

In order to identify this channel let us consider the DEES (8, 9, 10). Fig. 9a shows the
(DEES) for different collision energies obtained by Esaulov et al (10).At low energies the
DEES is fairly narrow, presents no structure and is attributable to the DD and DE
channels. As the energy increases a serie of structures appear at about 2eV for snergies
above 50eV. These are ,Ittributed to the onset of charge exchange to the shape
resonances (CESR) of N2- ( "g). This process populates the various 'vibrational levels' of
N 2 . These can decay into the ground and excited vibrational levels resulting in a series of
lines lying around 2eV. The slight difference in the vibrational spacings of N (0.3 eV)
and N-( 0.25eV) results in a slight broadening of the lines. From this result A appears
that clarge exchange onsets at about 50eV and it appears plausible that the reversal of
the isotope effect in the H-N 2 TDCS (fig 8b) is due to CESR.

Further evidence for the existence of this process is provided by TOF studies (4 1, 42).
Fig 9c shows a typical energy loss spectrum for a 420eV H-N 2 collision. The spectrum
displays two sets of peaks :
a) Peak B : corresponds to a series of excitation processes corresponding to N 2 and H
excitation.
and b) Peak A corresponds to direct detachment and to CESR to N -2fng). An
interesting feature of this peak is that the CESR peak does not lie at the lranck Condon
position of the resonance but somewhat lower. The same effect is also observed in the
DEES, but there an additional shift due to summation over entry and exit channels may
also be present. This non Franck Condon behaviour is rather surprising given the high
velocity of H- which would lead us to expect vertical transitions since the "collision
time" is shorter than the "vibrational time" of N 2 .
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The above observations ire true also in the case of other Tolecular targets with the
exception of H2 for which the very broad ( r(Ro) - 8eV) I u* resonance does not
appear to play any role. As an example fig 9d shows some TOF spectra for C0 2 (42).
CESR to the CO (lu) resonance lying at 3,8 eV is observed to onset for energies
above about l50e'/. This can also be seen in the )EES of Esaulov et al (34) (fig 9c). No
oscillations are apparent in the DEES because of the greater number of vibrational
modes and also because of the summation over exit channels. The 'non Franck-Condon'
behaviour of CESR at small energies is particularly visible in this case. Indeed at 250eV
the CESR peak in the TOF spectrum appears at about 3eV rather than at 3.8 eV. This can
also be seen in the DEES, though here the summation over entr-" and exit channels may
also provoke a further shift to smaller energies as discussed above. The shift from the
F.C. position is found to decrease with increasing collision energy (AE - 0.2 eV at I
keV).

At present no molecu'ar model for CESR has yet been proposed. Problems of this kind
i.e. charge exchange and problems concerning spin-orbit coupling involving states lying
within a continuum have been treated theoretically by e.g. Devdariani et al. (43) who
have proposed a generalization of models of Demkov (44) and Nikitin (45) (in this context
see afso azi (46) with reference to the e- HIr problem), but a quantitative treatment of
a specific system has not been made. Note however that given the low binding energy of
the outer H- electron (0,75 eV) for collision energies of the order of 1.5 keV, the orbital
velocity of the outer electron becomes equal to tte collision velocity and one can
attempt ) describe detachment in an independant electron scattering model. In simple
classical terms one will say that the total detachment cross section (TDCS) is given by
the total electron scattering cross section of the outer loosly bound electron on the
target with a collision energy given by the translational energy and the binding energy ;
the latter on addition of velocities determines the 'incident energy spreLi'. This 'spread'
results in a broadening out of any sharp features in the electron scattering cross section.
At very high collision energies the binding energy is often neglected. Thus the free
collision models (see 47 and references therein) which solve the problem either by
classical mechanics or in the Porn approximation are valid at very high energies
(E za l.5keV for H-). More recently Vu Ngoc Tuan et al(42)and Kazanskii (48) proposed
treatments which take the binding energy of the outer electron into account and should
be valid down tc somewhat lower energies.

In the model proposed : ,' Vu Ngoc Tuan et al (42) nuclear motion is treated
classically. A frame transformation is performed on the outer I!- electron wavefunctian
to bring it from the projectile frame to the target N frame. It is then expanded over
both energy and spherical harmonics around the target. Knowing the electron-target
scattering amplitude one gets the flux scattered by the target. After integration over
time and energy the detachment probability is obtained in a first order p-turbation
theory. The energy spectrum of detached electrons is given by :

S(E Z ()2Aa()Jt.HR(t).exp(-i(E + v2/2 - )t).(t)
2

where

fa (E) is the electron target scattering amplitude for mode 'a',
Aa ( ) s a flux normalization factor,

is t e H- outer electron wavefunction evaluated at a distance R(t) from the
center,
R(t) is the time dependence of the straight line trajectory,
E H is the electron binding energy.
v is the collision velocity,

and Ga (t) is a geometric factor depending on the trajectorv-r:'ole ,Ilar axis relative
orientation.

For N 2 a Breit-Wigner formula gave the resonant amplitude I

lf(+)12 _ (2f+I) 
12/4

I III~ ~ 2 /4 ~ miiit
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The integrdl over time contains a phase factor exp (-i E.t) and if the time

dependences of o - and G a(t) are small compared with this phase factor, the integral

does not vanish oily for energies around EH - + v2/2 i.e. the electron behaves almost like
a free electron whose energy is given by the tranlsational energy and the binding energy.

The calculated energy distribution of the 'equivalent electron packet' are shown in

fig. 10a Also shown schematically is the position and the spread of the shape resonance

of 0 , N2 and CO in the FC region. From this figure one can deduce that
(a, th H N2 

2 TDCS will reach its maximum for energies over 4 keV and for CO 2
above 7 keV.

and (b) that even when in a fast collision one treats the target molecule nuclei as fixed

and assumes vertical transitions, if the incident wavepacket is not broad enough a
Franck-Condon distribution of vibrational levels will not be obtained.

Similar conclusions should be valid in Kazanskii's (48) impulse approximation
treatment, where the energy spectrum of detached electrons is given by

d Q(, n)V (, n))
do = n0 '( 1 v0 ) .n 1nC )dc fn=0

where (n)= c + E - En, f is the ejected electron energy, E is the initial and E
the final vibrational si~tesn&f the target molecule, Fr.- n is ile total cross sectiong
for vibrational excitation. The function Q is illustrated in fig. 10b for several
collision energies for the case when an H- wave functions of the type (r) = A lexp

( .r) + exp (- .r) I/ r is used.
Using their model and assuming vertical transitions Vu Ngoc Tuan et al calculated the

shape of the TOF peaks corresponding to CESR. The theoretical curve, convoluted by the
apparatus function, is compared in Fig. 9d with experiment. Note that the shift from the
FC position is correctly described. The 'deconvolution' used was simply subtraction
assuming a smooth cui ve for the DD process. This deconvolution was performed for other
scattering angles and collision energies and thus allows the separation of the DCS for
peak A into components due to DD and CESR. Integration over angles then shows that at
IkeV CESR contributes about 40% to the TDCS for H-N collisions and 25% for H-CO
collisions. 2 2

At present no attempt has yet been made to calcu!ate the DEES. One of the reasons
is that it represents a sum of distributions of all possible detachment channels.

Vu Ngoc Tuan et al have also investigated the behaviour of the CESR cross section in
H-collisions as a function of E(Ro) and f'(Ro), i.e. the position and width of the
resonance using a fictitious target with varying characteristics.

A Breit-Wigner formula for the scattering amplitude was used. Their results are
summarised in fig. I!. For a given width and varying E(Ro), the maximum of the CESR
cross section is reached when the electron translational energy is close to the resonance
energy (indicated by arrows). The maxima are however much broader than the
corresponding electron scattering cross section as may be seen by comparing them to the
electron scattering cross section shown in fig. I Ia (marked BW) for the case E(Ro)
2.2eV and F(Ro) = 0.54eV.

When studied as a function of I, CESR is shown (fig. I Ib) to be more important for
larger r . This may be understood if one remembers that since in this model the incident
wave packet has a broad energy distribution, the shape resonance only selects in it a slit
equal to its width. Hence a broader resonance scatters a larger part of the incident
wavepacket. It should be noted here that i thie case of H 2 both experiment and theory
show that the broad (F(Ro) 8eV) H- ( 2 u) resonance does not play any role and
detachment may be described in a non r~sonant electron scattering formalism.

CESR has also been observed in collisions of other negative ion with various
molecular targets (18, 49, 50). Contrary to the lighter and hence faster H- the onset
energy of CESR in e.g. halogen negative ion collisions is found to lie at higher energies.
ThuF in F N2 collisions CESR onsets at energies around IkeV. The earlier made claim
(14, 49) that this process is important in low energy (E - 200eV) CI-N etc. collisions
thus appears unfounded on the basis of existing data (50). As for ?he H- case no

indication of CESR to the broad 2 Z u
+ H 2 - resonance is found in F- collisions (50). Note

that contrary to the deductions of Cheung and Datz (58) on the basis of low resolution



192 VA. Esaulov

data, no CESR was observed in more recent studies of C1- H 2 collisions for relative
energies above 25eV (59).

The above studies of negative ion molecule collisions lead to another question : can
shape resonance play a role in collisions with atoms ? For inert gases these do not exist,
but recent experiments of Johnston and Burrow (39) show the existence of low lying
shape resonances for alkali atoms. A TOF study of H- Na collisions by Esaulov and Vu
Ngoc Tuan (52) suggests that the answer is affirmat!;ve. Indeed as may be seen in fig. 12
the TOF energy loss peak corresponding to detachment reaches a maximum at the
resonance position.

5. CONCLUDING REMARKS

The above studies of negative ion collisions show that detachment can proceed via a
variety of channels.

In low keV collisions with atoms the main channel is direct detachment. Dynamic
effects i.e. nuclear motion induced transitions (e.g. radial coupling) play an important
role here. The actual behaviour of detachment cross sections is determined by the
relative importance of "intra-" and "extra-" continuum transitions for a given collision
energy. Knowledge of the characteristics of the parent neutral quasimolecular system is
important for the understanding of some of these features. To date the most succesful
description of detachment appears to be the zero range potential formalism. This is
however applicable a priori to negative ions with an outer s electron, though some
attempts have been made to use it to calculate total cross sectionis in the case of
halogen negative ions. A generalisation of the ZRP model to include I j 0 cases has been
proposed (53), but no applications exist. Alternatively a finite range model (54) could be
useful here. Recently other descriptions have been proposed and some give rather good
agreement with experiment (20, 21).

N"3p
N; 3 P

Na-

N a +

" H-

dE(eV)

Fig 12. T O.F spectrum for a 500 eV H" Na collision (52) for a 0.3 deg scattering
angle.
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Excitation processes have not yet been very extensively investigated. In collisions
with atoms they are not very important representing some 10% in low keV H- and F
collisions (12, 37). In the case of molecular targets they can be the dominant channell
thus in F-CO 2 collisions at 2keV (50) they represent 62% of the TDCS. Excitation of
autodetaching states appears to be quite small (50, 55) representing about 2% of the
TDCS in lkeV H- collisions (55). Contrary to statements made in existing literature (18,
49) on the basis of existing data it seems doubtful that these resonance states make
significant contributions to TDCS. Detailed theoretical descriptions of these processes
have not yet been proposed, though some simple models exist (12, 31).

Study of collisions with molecules has revealed the existence of charge exchange to
shape resonances. This process is important in fast collisions (42, 55). The maximum of
the CESR cross section is reached for energies such that the translational energy of the
outer electron is equal to te resonance energy. Its magnitude is found to increase with
the resonance width (42).

The study of CESR has revealed the existence of non-Franck Condon effects in fast
collisions when the target nuclei can be considered to be frozen during the collision time.This is because CESR is determined by both Franck Condon factors and an energy defect
dependent charge exchange probability.
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COLLISION DYNAMICS WITH NONLOCAL POTENTIALS
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Heidelberg, D-6900 Heidelberg, West Germany

The nonlocal complex potential theory of nuclear motion in short-lived
electronic states is reviewed with particular emphasis on resonant
electron-molecule scattering and dissociative attachment.

1. INTRODUCTION

Short-lived autodetaching (or autoionizing) electronic states of molecular
negative ions (or neutral molecules) occur as intermediates in a variety of
collision processes such as electron-molecule scattering, dissociative
attachment (or recombination), associative detachment (or associative ioni-
zation) and collisional detachment (or Penning ionization). It can be shown
that the nuclear motion in these intermediate states is governed by an
effective electronic potential which is (i) complex and (ii) energy-dependent
and nonlocal. Property (i) accounts for the loss of flux by autodetachment
(autoionization). The energy-dependence and nonlocality is a general property
of effective potentials obtained by the projection of the Schrbdinger equation
on a certain subspace (in this case the onedimensional Hilbert space corres-
ponding to the electronic resonance state). The general theoretical description
of molecular dynamics in short-lived electronic states is based on the projec-
tion-operator formalism of Feshbach [I] or Fano's theory of configuration
interaction in the continuum [2] and has been worked out, among others, by
Chen [3], O'Malley [4], Bardsley [5] and Nakamura [6].

Since the nonlocality of the effective potential complicates considerably
the solution of the dynamical problem, the approximation of a local and
energy-independent complex potential has been introduced in most practical
applications, see, e.g. [7-9]. Recent progress in the ab initio calculation of
projected electronic resonance states and the energy-dependent width and level-
shift functions [10,11] has made possible the calculation of electron-molecule
scattering and dissociative attachment cross sections without recourse to the
local approximation, at least for simple diatomic systems [12-14]. Here we
review briefly the theoretical methods and discuss recent results which shed
light on the importance of nonlocal effects in negative-ion dynamics.

2. PROJECTION-OPERATOR FORMALISM

Assuming, for simplicity, that we are dealing with a single isolated
resonance decaying into a single continuum, we introduce a closed-channel (for
Feshbach resonances) or localized (for shape resonances) discrete electronic
state 10d> and an orthogonal continuum Ik +)>. In the case of superexcited
autoionizing states of neutrals, the Rydberg series converging to the ioni-
zation threshold under consideration is considered as a continuation of the
continuum to negative energies. In the dissociation limit R - - (we assume a
diatomic system for simplicity) l0d> is a stable bound state of the fragments,
but it moves into the continuum when the internuclear distance R decreases.
The construction of 10d> is a relatively simple task for Feshbach resonances:
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it represents an excited discrete configuration lying in the ionization
or detachment continuum. The construction of 10d> is less obvious for shape
resonances which are often very short-lived. Here the relevant criterion is
the diabaticity [15] of 14d> and 10k(+)>. The discrete state is constructed
such as to extract the resonance from the scattering continuum, yielding
usually a structureless background continuum to which the simple adiabatic-
nuclei approximation is applicable, see, e.g., ref. [16].

Given the diabatic discrete state 10d> and background continuum 1,k(+)>, we
introduce the potential energy function of the discrete state

Vd(R) = <4dlHel10d >  
(1)

where He] is the fixed-nuclei electronic Hamiltonian, and the width and level-
shift functions

r(R,E) = 2ufdSkIVk(R)I 2  (2)
A(R,E) = (2,,)

- I  
Pf dE'r(R,E')/(E-E') (3)

where Vk(R) is the discrete-continuum coupling element

Vk(R) = <¢k(+)Hell~d> . (4)

The transition matrix elements for low-energy inelastic and reactive colli-
sion processes such as vibrational excitation, dissociative attachment or
associative detachment can formally be expressed in terms of the fixed-nuclei
quantities (1-4). The T-matrix element for v - v' vibrational excitation, for
example, reads

Tvvres(kf,ki) = <v'1Vkf(E--A)'1 Vkilv> (5)

where ki and kf are the initial and final momenta of the electron. The super-
script "res" indicates that (5) is the resonant contribution to the process;
in principle, there is also a background contribution, which is usually negli-
gible, however, for inelastic processes. The central quantity of the formalism
is the effective Hamiltonian 4whose resolvent appears in equation (5). It is
defined as [17]

'= TN + Vopt (6)

Vop t = Vd(R) + A(R,E-Ho) - r(RE-H0) (7)

Ho = TN + Vo(R) (8)

Here TN is the kinetic-energy operator of the nuclear motion and Vo(R) the
potential-energy function of the target molecule. Ho is the target vibrational
Hamiltonian with eigenstates Iv> and eigenvalues cv. Vopt is the effective
or "optical" potential for the nuclear motion in the resonance state and is
seen to be complex, energy-dependent and - owing to its dependence on the
operator Ho - nonlocal. Explicitly, the nonlocal parts A and r, which depend
on the non-commuting operators R and Ho , are given by (we suppress here the
rotational motion for simplicity)

r(R,E-H o ) = 2T z VEcm(R)Im><m1VE_Em(R) (9)
m

A(RE-H0 ) = z PfdE'VE,(R)1m><mIVE (R)/(E-E'-m) (10)
m

where the sum over m includes integration over the dissociation continuum. The
VE(R) are defined as

IVE(R)II = fd2kVk(R)1
2  (11)

with E = k2/2.
The effective Hamiltonian % governs the time-evolution of the nuclear
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motion in the resonance state. It determines, therefore, also the T-matrix

elements for the other processes mentioned in the Introduction. The T-matrix

element for dissociative attachment of an electron with momentum ki to a mole-
cule in the vibrational level v, for example, can be written as

T-(K;ki,v) = <K(-)iVkilv> (12)
K K> + Go (13)

where JK> denotes the plane-wave state of dissociating fragments and Go+)is
the corresponding free Green's function. By detailed balance, the T matrix
element (12) determines also the cross section for the reverse process,
associative detachment. The corresponding processes involving short-lived
electronic states of neutral molecules, namely dissociative recombination
and associative ionization, are included in the above description, provided
the Rydberg series converging to the ionization threshold is taken into
account in the definition of the nonlocal level-shift operator A [18].

The widely used local-complex-potential approximation [7-9] consists in
the replacement of the nonlocal operators r and A of equations (9,10) by the
local functions

r(R) 
= 

r(R,Eres(R)) (14)

A(R) = A(R,Eres(R)) (15)

where Eres(R) is the fixed-nuclei resonance energy defined via

Eres(R) = Vd(R) - Vo(R) + A(R,Eres(R)) (16)

With this approximation the effective potential for the nuclear motion
becomes an energy-independent and local function of R

Vpt(R) = Vd(R) + A(R) - (17)

We have to replace, furthermore, the energy-dependent entrance and exit
amplitudes in equations (5,12) by local amplitudes, see, e.g., [13,19].

The derivation of the local-complex-potential model as a limiting case
of the nonlocal resonance theory has been discussed, for example, in
references [5,19-21]. The derivation of locality requires the assumption of
closure for the sum over vibrational states in equations (9,10). Therefore,
the local approximation for the width must break down for resonances near
the detachment (or ionization) threshold, where few vibrational decay
channels are open. More generally, the local approximation can be expected
to fail when either r(R,E) or A(R,E) defined in (2,3) are large and strongly
energy-dependent [18,22].

In conclusion of this Section we mention that there are alternative for-
mulations of the problem which do not invoke the concept of a diabatic
discrete resonance state. Among these approaches are the R-matrix theory for
dissociative attachment [23] and theories based on the zero-range-potential
approximation [24] or Faddeev's equations [25].

3. SOLUTION OF THE DYNAMICAL PROBLEM

The solution of equation (13) for the scattering states of nuclear motion

in the nonlocal and complex potential (7) is not a trivial problem and nas
been circumvented in most applications of the theory by resorting to the

local-complex-potential approximation. In recent model calculations [26,27]
we have learned, however, that separable expansions [28] of the nonlocal
potential may yield rapidly convergent and numerically manageable approxi-
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mation schemes.
Since the generally strongly repulsive local part Vd(R) of Voo t is not well

approximated by separable expansions, we rewrite equation (13) as

I^(+)> = IK + G )FIXK(+)> (18)

where

F = A(R,E-H o ) - r(RE-H) (19)

is the nonlocal part of the optical potential and IK +)> and G+ are the

scattering states and the Green's function for the local potential Vd(R),

which can be determined by standard numerical methods.
To generate the separable expansion of F, we introduce a suitable complete

set of orthonormal square-integrable basis functions xn(R) and diagonalize the
representation of Ho in a large, but finite, subset of these functions. This
procedure yields approximate eigenstates IR> and eigenvalues En of Ho . For an
appropriate choice of the basis functions Xn(R), the Hilbert space spanned

by the IF> comprises the finite-dimensional space of bound states of H. and
includes, furthermore, a discretized representation of the dissociation

continuum. Approximating the nonlocal operator F by

N
F(s) E F[I>(F-

1
)nmi~lF, (20)

n,m=l
Fnm =<F[FI >,

the kernel of the integral equation (18) becomes separable and (18) reduces to

a finite set of linear algebraic equations, see, e.g., [28]. Calculations for
a variety of examples have shown that this procedure converges reasonably
fast with respect to the number of basis functions xn(R), even for large
and possibly singular level-shift functions A(E) [14,26,27]. It is in general
essential, however, to include the contribution of the continuum of Ho in
equation (10) to obtain converged results.

In the application of the theory to the 2Zu+ resonance in electron-H 2
scattering to be discussed below we have parametrijed Vd(R) by a generalized
Morse potential, which allows us to obtain <RlKd(+)> and <RIGd(+)IR'> analy-
tically. For the basis functions xn(R) the Lanczos basis [29] of the Morse
Hamiltonian Hd 

= 
TN + Vd(R) has bjen adopted. This has the particular advan-

tage that matrix elements of Gd(+) can be evaluated by three-term recursion
relations, which leads to great savings in computing time. Details of this
method are given in reference [26].

4. EXAMPLES

We have applied the above-discussed methods to vibrational excitation of
N2 via the 

2
n9 shape resonance (the prototype of a resonance of intermediate

width) and to vibrational e>:itation and dissociative attachment in H2 and
D2 via the 2Zu+ resonance (the prototype of a very short-lived shape resonance)
with particular emphasis on the quantitative assessment of the accuracy of the

local approximation [13,14].
The 

2
ng resonance in electron-N 2 scattering has been extensively studied

both experimentally and theoretically and represents the most spectacular
success of the local-complex-potential or boomerang model [7,30]. Ab initio
calculations yielding vibrational excitation cross sections in good agreement
with experiment have been performed by Schneider et al. [31] and Hazi et al.
[19]. The width function r(R,E) for the 

2
Hlg resonance has been calculated by

Hazi [10] and with different methods by Berman and Domcke [11]. Based on the
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fixed-nuclei ab initio data of Hazi [10] a fully nonlocal treatment of the
nuclear dynamics in the 

2
n? resonance state has been achieved by Berman et al.

[13]. The results show tha the local-complex-potential approximation is of
excellent quantitative accuracy for the inelastic channels v = 0 - 1 up to
v = 0 - 5 or 6. There are, however, significant deviations of the local model
from the exact non-local theory for the elastic channel which dominates the
total cross section. These deviations also lead to noticeable effects in the
electron transmission spectrum [13]. Interestingly, simple model calculations
[22] predict that the local approximation fails severely for deeply inelastic
channels where the electron in the final state is slow. Recently, Allan [32]
has measured vibrational excitation functions in N2 up to v = 17 with excel-
lent signal-to-noise ratio. The experimental results agree well with the pre-
dictions of the nonlocal model calculation [22]. In summary, thc local-
complex-potential-approximation is clearly a useful and physically appealing
concept to rationalize the nuclear dynamics in the 

2
n g shape resonance of

N2 , but significant deviations from the more exact nonlocal theory occur

for the elastic channel as well as in deeply inelastic channels.
Dissociative electron attachment in F2 via the 2Eu+ shape resonance has

been considered by Hazi et al. [12] and Bardsley and Wadehra [33] using a
nonlocal description of the width r and a local approximation to the level-
shift A. Since the level-shift is rather small and a smooth function of energy
for this particular resonance, the latter approximation is justified, as has
been confirmed by explicit calculations [34]. The nonlocal treatment of r is
important, however, since dissociative attachment in F2 occurs at low electron
impact energies and few vibrational decay channels are available for the auto-
detachment process.

The 2Eu+ shape resonance in electron-H2 scattering represents an interesting
borderline case where resonant and non-resonant formulations of electron-
molecule scattering, dissociative attachment and associative detachment meet.
It is not possible to cover here the extensive amount of literature on this
system and we refer the reader to the review article [35] and to the referen-
ces given in recent papers on electron scattering and dissociative attachment
in H2 [14,24].

The discrete-state potential energy Vd(R) and the width and level-shift
functions for this resonance have recently been obtained by Berman et al.
[16] and we refer to this paper for the details of the calculation. The width
and level-shift functions r(R,E), A(R,E) of the 2Eu+ resonance state of H2 -
are large (of the order of several eV) and strongly energy-dependent. Corres-
pondingly, the real part of the local complex potential (see equation (17))
deviates strongly from the discrete-state potential Vd(R). While the latter
is purely repulsive for the 2,u+ resonance, the former exhibits an attractive
well which is deep enough to support many vibrational levels [14].

Integral cross sections for vibrational excitation and dissociative attach-
ment in H2 obtained with these ab initio data by MUndel et al. [14] are shown

in figure 1 (full lines) together with absolute experimental data [36,37]
(crosses). There is good agreement between theory and experiment for 0 - i and
0 - 2 vibrational excitation, although the deviations become larger for the
0 , 3 channel [14]. The dissociative attachment cross section is overestimated
by the calculation, but its energy dependence seems to be in good agreement
with experiment. The results obtained with the local approximation using the
same ab inito input data are included as the full line with circles in figure
1. These cross sections are off by factors up to 10 and could be included in
figure 2 only after rescaling them by appropriate factors as indicated in the
figure. The cross sections obtained in the local approximation are generally
much too large, in particular for dissociative attachment. We observe thus a
complete breakdown of the local-complex-potential approximation for the
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FIGURE I
Integral cross sections for vibrational excitation (a,b) and dissociative
attachment (c) in H2. Full line: non-local resonance theory; full line with
circles: local-complex-potential approximation, rescaled by the indicated
factors; crosses: experimental data [36,37].
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nuclear dynamics in the 
2
Eu+ state of H2 -. The origin of the breakdown is the

large size and the strong energy-dependence of the width and level-shift
functions of the resonance. Our findings are in accord with the observation of
Bieniek [20] who pointed out inconsistencies in local calculations of the
H- + H associative detachment reaction, indicating a severe breakdown of the
local model.

An interesting prediction of the calculations [14] is the appearance of vi-
brational fine structure in the 0 - v vibrational excitation functions for
v . 4 in H2 . The results of the calculations for 0 - 4, 0 - 5 and 0 - 6 vibra-
tional excitation of H2 are shown in figure 2. Qualitatively, this fine struc-
ture is associated with vibrational levels of the local potential energy curve

of H2- which converge towards the dissociation limit of H2- at 3.725 eV. The
observation of fine structure is intuitively unexpected for this very short-
lived resonance (r - 4 eV at the equilibrium geometry of H2 ), but can be ra-
tionalized as a vibration-induced narrowing effect [38]. The fine structure
is reproduced qualitatively, but not quantitatively, by the local-complex-
potential model, i.e., the positions and intensities of the fine-structure
peaks are not identical to those found in the nonlocal calculation.

The predicted fine structure has recently been confirmed experimentally by
Allan [39] who has been able to measure the 0 - v vibrational excitation
functions of H2 up to v = 6. Distinct fine structure is first observed for
v = 4 and becomes progressively more pronounced for larger v. As expected,
the theoretical cross sections are not in quantitative agreement with the ex-
perimental data, owing to limitations in the accuracy in the ab initio calcu-
lation. The experimental observation of this fine structure has established
the 2zu+ resonance of H2 as a very interesting new prototype system to study
the nuclear dynamics in a strongly nonlocal complex potential with high
precision.

5. CONCLUSIONS

We have sketched the general theoretical description of inelastic and
reactive electron-molecule collisions and detachment processes based on the
projection-operator formalism. In this formulation the calculation of cross
sections reduces to the treatment of the nuclear dynamics in the nonlocal
complex potential of the electronic resonance state formed during the colli-
sion. Recent work in this field has resulted in the quantitative assessment
of the importance of nonlocal effects in resonant electron-molecule scattering
and dissociative electron attachment. The specific cases studied so far on an
ab initio level (e + F2 [12], e + N2 [13], e + H2 [14]) indicate that nonlocal
effects are generally important for broad resonances and for resonances which
cross the threshold in the vicinity of the equilibrium geometry of the target
molecule.

It is hoped that the quantitative results available now for electron-mole-
cule scattering and dissociative attachment will stimulate the application of
these methods to the related processes associative detachment, collisional de-
tachment and associative and Penning ionization, which involve the dynamics in
the same nonlocal potential, but under different kinematical conditions (colli-
sion energy and angular momentum). The treatment of the multidimensional
dynamics in short-lived electronic states of polyatomic anions (e.g. electron
attachment to CC14 and SF6 ) is also a challenging problem for future theore-
tical work.



202 W. Domcke and C Mindel

0 00030 v=0-6

0.00010 r

0.
2 3 4 5 6

v=0- 5
0.0008

0.0006 

0.0002

3 4 5

0.0030 v=O0-4/

0.0020

0.0010

0.
1 2 3 4 5 6

ELECTRON ENERGY (eV)

FIGURE 2
Integral excitation functions for 0 , 4, 0 - 5, 0 - 6 vibrational excita-
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THE ROLE OF INDIRECT PROCESSES IN ELECTRON-IMPACT IONIZATION OF
MULTICHARGED IONS*

D.C. GREGORY

Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831 USA

Recent studies of electron impact ionization in this laboratory are dis-
cussed with emphasis on the role of indirect processes. Examples are used
to illustrate the importance of excitation-autoionization (Ti

2+ 
and A1

2
+),

autoionizing metastable ions in the Na isoelectronic sequence, multiple
ionization (triple ionization of Xe6+), the relative importance of indirect
ionization with increasing charge in the Mg isoelectronic sequence, and the
extension of ionization measurements to bigher-charged target ions (FeP+).

1. INTRODUCTION

Electron impact ionization is of primary importance to the understanding
of laboratory plasmas through power balance calculations, analysis of diagnos-
tics, edge plasma studies, and other interpretative research (1). In addition,
there is basic interest in the varied physical processes which result in ioni-
zation. One of the principal aims of our laboratory has been the measurement

and interpretation of cross sections for electron impact ionization of multi-
charged ions. A large number of cross sections have been measured to test
existing theories (or to provide a base for comparison with planned calcula-
tions) . Our measurements have concentrated on systematic studies of isoelec-
tronic (same number of electrons with varying elements in appropriate charge
states), isonuclear (same element with varying charge states), and isoionic
(ions with similar outer electron configurations) target ion groups (2).

The crossed beams apparatus currently in use for electron impact ioniza-
tion measurements at ORNL is shown in Figure 1. In the main interaction
chamber, the incident ion beam is focussed and then bent by 90* by the charge
purifier. It then passes through the interaction region, where it is inter-
sected at right angles by a magnetically-confined electron beam (3). The ion
beam is then separated into charge-state components in the post-collision ana-
lyzing magnet. Incident ion beam current is measured by collection in one of
two Faraday cups while signal (further ionized) ions are counted in a channel-
tron electron multiplier.

The new analyzing magnet extends our potential range of measurements of
single ionization to ions with incident charge states up to +14. This extended
range was intended to match the capabilities of the new ORNL-ECR ion source
wlich has recently been commissioned for full-time use on atomic physics

experiments (4); the source has in fact already surpassed its expected ultimate
performance criteria for beam intensity and charge state output. Details of
the previous ion source and other experimental details are available in pre-
vious publications (5,6).

A number of indirect processes must be considered to fully understand
observed ionization cross sections (7). In addition to direct ionization of
an outer shell electron, e.g.,

*Research sponsored by the Office of Fusion Energy, U.S. Department of Energy,

under contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc.
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e + Xe
6+ 

(4d
1 0 5B2) . Xe

7
+ (4d

1 0 5s) + 2e, (1)

removal of an electron from the target ion may occur through excitation of an

inner-subshell electron followed by autojonization, as in

e + Xe6+ (4d
1 0 5s2) . Xe6+ (4d

9 5S2 n.) + e

L Xe7+ (4d
1 0 

5s) + e. (2)

Detailed knowledge of the energy level scheme for the target ion is generally
necessary in order to make an accurate evaluation of which excited states will
autoionize and which are trapped in the incident ion charge state, but rough
guesses can often be made based on available inner-subshell ionization energies
(8). Net multiple ionization may also result from excitation or ionization of

an inner-shell electron:

e + Xe 6+ (3d 1 0 
4s2 4p

6 
4d

1 0 
5s

2
) . Xe

7
+ (3d

9 
4s2 4p

6
4d1 0 

5s2) + 2e

L Xe + 
(4d

9
) + 2e. (3)

In this example, direct ionization of a 3d electron leads eventually to triple
ionization. Careful accounting of possible branching paths for ions with
inner-shell holes must be used to optimize the usefulness of any theory,
whether it is a detailed distorted-wave or close-coupling calculation or the
simple Lotz formula.

Two examples of indirect ionization due to excitation-autoionization will
be discussed followed by an example of multiple ionization. Recent preliminary
cross section measurements on a highly-charged ion will be presented along with
a discussion of our future plans.

2. EXCITATION-AUTOIONIZATION

The effects of excitation-autoionization may range from negligible to
dominant, and we are still learning how to make intelligent guesses of its
importance to total ionization in a given case. For this reason, a large
number of cumparisons between experiment and theory seems the only way to
develop an understanding of the "rules" that govern which transitions and pro-
cesses are important. In cases where the transitions leading to autoionizing
states are well-separated in energy, the experimental data may provide an
indirect measure of the excitation cross sections to compare with detailed

calculations.
One of the measurements which drew our attention to the importance of

excitation-autoionization was the cross section for single ionization of Ti
3
+

(9). Indirect ionization dominates over the direct process by a factor of up
to ten over the entire energy range from threshold to high energies. A sub-
sequent study (10) of the cross section for single ionization of Ti

2+ 
is shown

in Figure 2 along with direct ionization calculations from Pindzola et. al.

(i) and the three-parameter Lotz formula (12). It is obvious that total ioni-
zation is almost uniformly twice the direct cross section, so that the direct
and indirect contributions must be approximately equal. In such cases where
widely used formulas (like the Lotz semiempirical formula) underestimate total
ionization by a large factor for several successive charge states of an impor-
tant element, any plasma modeling or diagnostic analysis based on these for-
mulas will be very misleading and may lead to conclusions which are seriously
in error.

Ionization of A1
2
+, shown in Figure 3, has been the subject of controversy

for several years (13). Detailed calculations (14) of the expected contribu-
tions of excitation-autoionization (upper solid curve) appear to overestimate
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FIGURE 2
Electron impact ionization of Ti

2
+ (from Ref. 10). The solid and dashed

curves are thought to be reasonable estimates of direct ionization; direct and
indirect ionization contribute approximately equally to the total cross sec-
tion.
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FIGURE 3
Electron impact ionization of A1

2
+ in the threshold energy region (from Ref.

13). It is now thought that the predicted 2p-3p excitation-autoionization
feature does not contribute to the measured cross section because the excited
ion is trapped in a metastable autoionizing state.
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the indirect contribution by almost a factor of two, and although the overall

disa 6 eeMCOL t noL larg., Lhis is an excellent test case for zomparisor
between theory and experiment. A12+ is also a member of the Na isoelectronic
sequence which is critical to plasma diagnostics and X-ray laser development.
The transitions expected to lead to single ionization are listed on the figure
along with arrows indicating the excitation onset energies. A number of
effects may lead to a "washing-out" of the sharp onsets indicated in the theory

curve, but some fairly sharp rise should be observed at least in the case of
the strongest transition (2p-3p). It should also be noted that elimination of
this one transition would bring experiment and theory into good agreement.

Recent measurements and calculations of ionization in the neighboring Mg
isoelectronic sequence (15,16) have led to reasoning which explains the results
of both sequences; without this explanation neither sequence can currently be
explained. If the excitation of a 2p electron from the ground state of A1

2
+

leaves the resulting excited A1
2
+ (2p

5 
3s3p) ion in one of the metastable

states of this configuration, the subsequent autoionization event might not
occur for several microseconds; this delay is long enough to eliminate that ion
from our signal channel and probably long enough in a plasma to allow other
collisions which will alter the ion configuration once again. Thus the
"missing" transition may only be trapped in an unexpected metastable state. In
the Mg sequence, ionization from metastable target ions leave a similar meta-
stable ion; this ionization event is detected in our signal channel even though
it should autoionize and result in net double ionization. These cases provide
an excellent example not only of cooperation between experiment and theory, but
also of seemingly unrelated discrepancies leading to a single unified explana-
tion.

The relative importance of indirect ionization with increasing charge along
an isoelectronic sequence is illustrated in Table 1 where the peak direct and
estimated peak indirect cross sections for some members of the Mg isoelectronic
sequence are compared. While the peak direct cross section decreases rapidly

with increasing charge, the peak indirect cross section remains almost constant
over the range studied. This only means that the energy required and probabil-
ity of exciting (or ionizing, for that matter) an inner-shell electron is not
very sensitive to the exact number of outer-shell electrons. As the charge

state increases, however, competing processes (such as radiative stabilization
in the case of excitation-autoionization) will eventually change the relative
importance of the various indirect processes. We may discover new processes or
new significance for processes thought to be negligible as ionization measure-
ments are extended to significantly higher charge states.

TABLE I

Direct and indirect ionization peak cross sections in Mg-like ions (Ref. 15).

Direct Indirect Indirect/Direct
Peak Peak Ratio

(10- 18 cm2) (10- 18 cm2)

Al+  75 3.0 0.04

S4+  5.0 2.5 0.5

Cl5+  2.5 2.5 1.0

Ar
6+

2.0 2.2 1.1
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3. AUTOLONIZING ION BEAMS

Attempts to extend measurements in the Na Isoelectronic sequence to higher
charge sLa.es, however, encountered unexpected difficulties. Figure 4 shows
the background measured for a number of Na-like ions. This background is
generally dominated by ions in the target beam which have lost one electron in
a collision with the residual gas in the main chamber. In order to minimize
this effect, the ion beam is charge-analyzed just before the interaction
volume; the normal background rate is then 1-10 counts/sec/particle nA. The
dramatic increase in background seen in Figure 4 with increasing charge state
has been determined to be due to target ions which leave the ion source in one
or more autoionizing metastable state(s) of the 2p

5 
3s3p configuration. A

crude measurement in our apparatus indicates a mean lifetime in the 1-10 micro-
sec. range for S5+; a lifetime very much longer would result in few autoioniz-
ing events in our interaction region, while states with much shorter lifetimes
would have almost all decayed before reaching our charge-state purifier. Since
the lifetimes of these states are predicted to become shorter with increasing
charge, it is hoped that ionization of even higher-charged Na-like ions will
again be manageable. Similar spontaneous autoionizing ion beams have been
observed in a similar apparatus in Belgium (17) and they confirm that their
background count rate is lower for Ar

7+
. Our laboratory is also considering

experiments which could take advantage of these unusual autoionizing ion beams.
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FIGURE 4
Background in ionization measurements on Na-like ions. Autoionlzing metastable
ions in the target ion beam are responsible for the high background at higher
charge states.
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4. MULTIPLE IONIZATION

The number of physical events that can result in multiple ionization is much
greater than for single ionization. Excitation or removal of a single inner
electron will often lead to multiple ionization as the resulting highly excited
ion relaxes. In addition, multiple electron processes from a single collision
can also lead to further autoionization or result in an ion trapped in its ori-
ginal charge state. The large number of possibilities means that considerable
care must be given to studying energy levels and decay paths in order to pre-
dict which processes will be important for a given multiple ionization. The
relative lack of experimental data and the difficulties involved in calculating
multielectron processes has left us with considerably less data (both theoreti-
cal and experimental) to compare. The only readily available theory (18) which
can be applied by the casual user is based on binary encounter approximation
(BEA), and it is not immediately clear how to apply even this theory if the
user wishes to take subshells into account.

As an example of recent measurements of multiple ionization, the cross
section for triple ionization of Xe

6
+ is shown in Figure 5. This measurement

(19) presents a rare opportunity to observe a two-electron process. In almost
every previous multiple ionization study, the complete cross section curve
could be explained in terms of single electron processes which result in final
multiple ionization. Since such first-order processes are expected to strongly
dominate over multiple-electron contributions, it is difficult to compare or
isolate the two effects. Triple ionization of Xe

6
+, however, can only occur

0.4 - -T -T T

E

0 0.3 - e + Xe 6+ T

Xe9 + + 4e T

c 0.2 -
0

0.1

0.

200 400 600 800 1000 1200
Electron Energy (eV)

FIGURE 5
Triple ionization of Xe

6+ 
(from Ref. 19). Ionization in the energy range from

374 to 670 eV can only be due to multiple-electron excitation or ionization in
a single collision. The dashed curve is the sum of contributions from direct
double ionization (Ref. 18) and direct ionization of a single, inner-shell
electron (Ref. 12) followed by autoionization.
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due to a joe-electron process above 670 eV, while removal of three electrons
only requires 374 eV. The dominant contribution to triple ionization is
expected to come from direct ionization of a single 3d inner-shell electron
which onsets at 762 eV. As can be seen from Figure 5, the cross section onsets
near 374 eV (the lowest allowed energy), and a break in the slope of the data
can be seen where the expected direct inner-shell ionization onsets. If the
trend of the low-energy data is extended, it can be seen that the peak contri-
butions from the multiple-electron and single-electron processes are approxi-
mately equal. This is a surprising result since single ionization is expected
to be dominant. The dashed curve is the summed result of double direct ioniza-
tion calculations based on Gryzinski's BEA model (18) and Lotz (12) calcula-
tions for direct ionization of a single 3d electrcn. Direct double ionization
(followed by autoionization) is expected to be the dominant contribution in the
multiple-electron region, but the good agreement between BEA calculations and
experiment are considered fortuitous since a number of approximations were
necessary to adapt the BEA theory to this situation.

Although only a few multiple ionization systems have been studied in our
laboratory, the new ion source and experimental apparatus will make such
measurements much easier and systematic studies possible in the future.
Multiple ionization should be considered an important part of total ionization
as well as an interesting physical process, and we intend to carry out addi-
tional studies in the future.

5. FUTURE PLANS

In recent years we have measured numerous cross section curves for ions
of initial charge +2 through +6, almost all as part of systematic studies. We
plan to extend measurements to higher charge states using the new capabilities
of the ORNL-ECR ion source and the improved experimental apparatus. As an
example of the possibilities presented by this combination, Figure 6 shows pre-
liminary measurements of single ionization of Fe

9+ 
which were collected in a
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C
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0I I
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FIGURE 6
Preliminary measurements of electron impact ionization of Fe

9+ 
(Ref. 20).

The solid curve is distorted-wave theory from Younger (Ref. 21). Most of the
target ion beam is apparently in a metastable state about 100 eV above the
ground state.
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few hours recently (20). Although the data are not final and complete diagnos-
tics were not performed as is customary, it appears that the incident ion beam
is mainly trapped in a metastable level approximately 100 eV above the ground
state. This measurement typifies the new capabilities of such experiments,
since no crossed beams data has been published for ions of initial charge state
greater than +6. The ECR ion source produced a 500 nA beam of Fe

15+  
in a

recent test, so that it appears that we are limited in charge state only by the
current experimental apparatus, which was designed for incident ion beams up to
charge +14.

In order to answer the needs of the fusion community, our measurements will
concentrate in the near future on metallic ions, particularly on Fe and other
likely plasma contaminants. Some multiple ionization studies will be used to
complement our understanding of single and total ionization. Long range plans
could involve analysis of the direction and/or energy of scattered (or ejected)
electrons. Experiments on state-selected incident ion beams (or state-analysis
of the signal ionized ions) are also exciting long-range possibilities. We
intend to continue our coordination and cooperation with other laboratories
involved in similar research, and we will continue to address the needs of the
physics community in general and of the fusion community in particular.
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INNER SHELL EXCITATION IN ATOMS AND MOLECULES BY HIGH RESOLUTION ELFCTRON
IMPACT
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Manchester M13 9PL, England.

1. INTRODUCTION

Inner-shell excited states of atoms and molecules are formed when an inner-
shell electron is promoted to an unoccupied valence or Rydberg orbital, for
example the excitation of a 2p electron in argon or a ls atomic electron in N,.
This excitation can be induced by photoabsorption or by charged particle im pat.
The first observation of a molecular inner-shell excitation (1) used a brems-
strahlung continuum source to investigate x-ray absorption in N and other
gases. In N2, a strong absorption peak was observed to occur ai an energy of
approximately 40leV, 9eV below that of the K-shell ionisation energy, and this
was correctly attributed to excitation of an atomic K-shell electron to the
first unfilled 2pT orbital of the molecule, giving the configuration
(ls3N)-'(2p7)17. More recently, for example (2), synchrotron radiation has
been used in these photoabsorption studies. These inner-shell transitions can
also be studied by electron energy-loss spectroscopy and, as we shall see, this
technique can have important advantages over photoabsorption measurements. Van
der Wiel et al (3), used the electron energy-loss technique and observed inner-
shell transitions in N2 and CO. This work was followed by a systematic and
comprehensive study of inner-shell transitions in molecules by Brion and co-
workers using the electron energy-loss technique at an energy resolution of
approximately O.5eV (for a recent review see (4)). This resolution was com-
parable to or better than that obtainable in photoabsorption measurements using
synchrotron radiation and was adequate for observing the more prominent energy-
loss peaks and for studying the gross features associated with centrifugal and
other barriers. Subsequently a significant improvement in resolution was ob-
tained by the Manchester group, for example (5,6), who obtained a resolution of
0.07eV in electron energy-loss measurements in a number of atoms and molecules.
These latter studies illustrated one of the important advantages of the tech-
nique, namely its superior resolution to photoabsorption measurements for
state excitation energies of above about 200eV. This allowed a full investi-
gation of the parameters of inner-shell states including their energies,
natural widths, and in the case of molecules, their vibrational spacings and
equilibrium internuclear separations. An example of what can be observed with
the electron energy-loss technique at high resolution (75meV) is shown in
figure 1, King et al (7). The vibrational structure of the (ls)-'(2pr)riT
state of N is clearly visible. The energy resolution is less than the natural
line widthi of the peaks which was deduced to be O.123±.OleV (8). To obtain
the same resolution in a conventional absorption spectrum would require a
spectral resolution of O.O006nm at 3.lnm which appears to be unobtainable at
the present time.

A second and perhaps more important advantage of electron impact excitation
is its ability to induce electric-dipole-forbidden transitions. This can occur
when the value of the incident electron energy is reduced to a value close to
the excitation energy of the state, when optical selection rules are consider-
ably relaxed. Recently the electron energy-loss technique has been applied for
the first time to the study of these electric-dipole-forbidden transitions,
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FIGURE 1
Vibrational structure of the electronic state of N formed by the promotion of
an atomic Is electron to the first unoccupied valehce orbital (2p7). After (7).

Shaw et al (8). In this work an inner-shell spin-forbidden transition in N
and a parity-forbidden transition in Ar were studied. These transitions were
observed by using incident electron energies as low as 1.15 times the excita-
tion energy of the inner-shell states. Yet another advantage of electron im-
pact excitation is that energy-loss scales can be accurately calibrated by di-
rect voltage measurement. This, for example, enables accurate ionisation
energies to be established by observation and analysis of Rydterg series.
Values of inner-shell ionisation energies obtained from high-resolution energy-
loss studies have been summarized by King and Read (9). A comprehensive bib-
liography of all the experimental (electron energy-loss and photoabsorption)
and theoretical studies of inner-shell excitations of free atoms and molecules
has been given by Hitchcock (10).

2. THE TECHNIQUE OF ELECTRON ENERGY LOSS SPECTROSCOPY

In this technique an electron beam is produced and energy selected to pro-
vide a well defined beam with an energy spread of typically 0.03 tc 0.05eV and
with an adjustable energy. This ability to change the energy of the incident
electron is very powerful and is a degree of freedom not available in photo-
absorption measurements. The electron beam is passed through a gas cell or
beam of the target atoms and molecules, and those electrons that are inelasti-
cally scattered through a small angular range, usually in the forward direction,
are analysed in energy, again with a resolution of typically 0.03 to 0.05eV.
A spectrum is thus obtained of inelastically scattered electrons versus the
amount of energy they have lost. The peaks in the energy-loss spectrum corres-
pond directly to the energy levels of the target gas.

An apparatus used in some recent inner-shell studies (11) is shown in figure
2. It consists of an electron spectrometer and utilises 1800 hemispherical
electrostatic deflectors to select and analyse the electron energy. Of note is
the use of two hemispherical deflectors placed in tandem in the electron
energy analyser. This arrangement provides very efficient rejection of
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FIGURE 2
Schematic diagram of a high resolution electron energy-loss spectrometer.

unwanted scattered electrons which is an important consideration since the
cross sections for exciting inner-shell electrons are low. Combinations of
triple-aperture electrostatic lenses are used to transport and focus the elec-
tron beam rom the electron source, a directly heated tungsten filament, to
the energy selector and from the selector to the target region and similarly
through the analyser section of the spectrometer. These lenses also enable the
incident energy of the electrons to be varied over the range 50 to 1500eV.

The inner-shell states that can be studied most usefully with an energy
resolution of 0.05eV are those having natural decay widths, ?,that are in the
range from approximately 0.05 to O.9"c". Many states having a vacancy in the
sub-shell imediately below the valence sub-shell (for example a vacancy in the
3s sub-shell of Ar) have values of T in this range as do most states having
vacancies in the next lower lying sub-shell or full shell (for example a 2p
vacancy in Ar). Their excitation energies are typically in the range from 50
to 500eV. States with deeper lying vacancies tend to have natural widths
greater than 0.2eV and are therefore better studied with lowei-resolution tech-
niques.

3. COMPARISON BETWEEN ELECTRON IMPACT AND PHOTOABSORPTION MEASUREMENTS

At high values of incident electron energy electron impact excitation is
analogous to photoabsor-tion. This analogy was first establisheJ by Bethe (12)
who showed that for fast electrons there is a quantitative relationship between
the differential electron scattering cross section and the gene-alised oscil-
lator strength fn(K) (see also Inokuti (13)).

do 4kn R f n(K) (1)
- n n
d En ko K

Here Tk_< , ik n are the momenta of the incident and scattered electrons respec-
tively, fik is the momentum transferred to the target atom or molecule, R is the
Rydberg energy and En is the excitation energy. When kn is small compared with
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a0 - (where a is the Bohr radius) the generalised oscillator strength can be
expanded in p8wers of K (see also (14)).

f(K) = fopt + Kf(
1
) + K

2
f(2) . ........ (2)

where fopt is the familiar optical oscillator strength. The second and higher
terms of the expansion become negligible when E is much smaller than the inci-
dent electron energy and when the angle of scattering is small. Then the elec-
tron scattering cross section is directly related to the optical oscillator
strength, and an electron energy-loss spectrum then effectively simulates the
photoabsorption spectrum. In inner-shell excitation experiments E is usually
large enough that linear and quadratic terms in equation (2) cannoY be ignored,
and then the electron energy-loss spectrum contains peaks due to non-electric-
dipole transitions. This was first exploited by King et al (6) who observed
electric-quadrupole transitions in Ar, Kr and Xe. The effect can be enhanced
by a judicious use of incident election energy and the scattering angle. Thus
electron impact excitation can excite transitions that cannot be seen with
photoabsorption.

A further process that is possible with electron impact excitation and not
photoabsorption is electron exchange. Thus as the incident electron energy
approaches the excitation energy of the state it becomes possible for the inci-
dent electron and the target electron to exchange places. Singlet-to-triplet
transitions otherwise electric-dipole-forbidden, can thus be excited.

4. HIGH RESOLUTION STUDIES OF ATOMS

Eary studies of the absorption of soft x-rays by atoms, in particular the
rare gases, revealed the existence of structures near the inner-shell ionisa-
tion potentials, arising from the promotion of one of the inner-shell electrons

is04 3d 4d 5d ,,, IAr~
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FIGURE 3
Energy-loss spectrum of Ar obtained at an incident electron energy of 1.5keV
and with a resolution of 65meV.
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to an unfilled orbital. More recently King et al (6) studied inner-shell exci-
tation in Ar, Kr and Xe using electron impact excitation at high resolution.
Figure 3 shows such an energy-loss spectrum in Ar obtained at an incident elec-
tron energy of 1.5keV and with a resolution of 65meV. The ground state con-
figuration of Ar is ls

22
s
2
2p

6
3s

2
3p6 and optically allowed transitions of a 2p

electron to one of the orbitals ns(n>4) and nd(n>3) are observed. A weaker,
parity-forbidden transition to the 4p orbital is also seen and occurs because
the selection rules are sufficiently relaxed at the relatively low value of
incident electron energy used.

The 2p hole can have j = 3/2 or 1/2 and consequently two Rydberg series are
observed each converging to one of these two states of the ion. The ratio of
the intensities of the corresponding peaks in the two series is observed to be
approximately equal to the ratio of statistical weights, 2j+l. An analysis of
the energies of the Rydberg series can be made to provide very accurate values
of the 

2
P3/2 ,112 ionisation potentials. (The energy scale of the spectrum can

be directly calibrated againstthe 4s
3
p, and 4s

1
P1 states of neutral Ar using a

digital voltmeter, with an estimated uncertainty of 0.0leV.)
Another important result of these studies is that the accurate measurement

of energies of optically allowed and forbidden transitions in Ar (and also Kr
and Xe) allowed the equivalent core model to be tested much more thoroughly
than was previously possible. (In the equivalent core model an inner-shell
electron in a neutral atom of nuclear charge Z which has been promoted to an
outer orbital nl, has an effective quantum number n* which is expected to be
similar to the effective quantum number of an excited nl electron in the neu-
tral atom of nuclear charge Z+I.) The result of the test is that the model
provides, for these three atoms at least, an accurate and reliable means of
estimating the energies of inner-shell excited states.

Another result of the work is the accurate measurement of the widths and
lifetimes of the inner-shell excited states; that for argon represents the
first accurate measurement of any atomic lifetime in this range of excitation
energy. In fact very little experimental data of any kind exist on the life-
time of x-ray levels in this range.

5. HIGH RESOLUTION STUDIES OF MOLECULES

High resolution studies of inner-shell excitation in molecules provide in-
formation similar to that obtained in atoms plus further information that is
charactPristic of molecules only, such as vibrational spacings and intensities.
Thus as well as being able to obtain excitation energies, relative intensities
and natural decay widths, potential curves can be deduced. Another difference
concerns the equivalent-core model; for inner-shell excitation of atoms the
relevant properties of the equivalent-core atom are invariably already known,
whereas for inner-shell excitation of molecules the equivalent-core molecule
usually has an odd number of electrons and does not exist as a free molecule.
Simulating this molecule by inner-shell excitation can therefore provide useful
information that is difficult or impossible to obtain by other means. In this
way Shaw et al (15) were able to obtain valuable information about ArCl.

The experimental work of Brion and co-workers (see for example Wight et al
(16)) shows clearly that much can be learned about the fields that exist within
molecules from studies of the promotion of atomic inner-shell electrons to un-

filled outer molecular orbitals or to continuum states close to the ionisation
threshold. The relative probabilities with which the available bound or con-
tinuum states can be reached, either by photoabsorption or by electron impact
excitation, depend partly on the probability with which an electron can be
ejected with the necessary energy from its atomic inner-shell, but more impor-
tantly on the "focusing" effect of the molecular field. Dehmer and Dill (17)
have discussed these points in full, and have given references to the earlier
experimental and theoretical work, in connection with their calculations of the
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FIGURE 4

Energy-loss spectrum of CO, obtained at an incident electron energy of 1.5keV

and with a resolution of 55meV. The peaks correspond to the (lSc)"(2p,) 7,
state of CO.
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FIGURE 5

Energy-loss spectrum of CO obtained at an incident electron energy of 1.5keV

and with a resolution of 65meV. The peaks correspond to transitions of a Iso

carbon electron to Rydberg orbitals.
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cross section for photoabsorption by the atomic K shell electrons of N
The vibrational structure of the (Is) 1(2pi)1u state of N was firsi re-

vealed by the high-resolution electron energy-loss studies oi King et al (7).
Their spectrum is shown in figure 1. An analysis of the spectrum reveals
firstly the vibrational parameters , and wx. Information about the mean inter-
nuclear separation R in the inner-shell excited molecule is obtained from the
relative areas of th vibrational peaks by assuming that these areas are pro-
portional to the Franck-Condon overlap integrals qv'," between the vibrational
wavefunction of the ground vibrational state (v-O) of the target molecule and
the vibrational wavefunctions of inner-shell excited states (v'). Recently
Barth and Schirmer (18) have calculated the energies and oscillator strengths
for inner-shell transitions in N and have obtained good agreement with the
results of King et al (7). The igh resolution of the measurements again al-
lows the natural line width of the state to be measured (123±10meV) and hence
the mean lifetime to be deduced. The fact that the lifetime (=i/r = 5.10-15s)
of the state is approximately one third as long as the classical vibrational
period (=T/w = I.8xlO-14s) of the molecule means that the vibrational wave-
functions are not those of stationary states, cf. the analysis and interpreta-
tion of the vibrational structure of short lived negative ion resonances
(Schulz(19)).

As discussed above the high resolution studies by King et al (6) of inner-
shell excited states of Ar, Kr and Xe have demonstrated the usefulness of the
equivalent-core model for these states. In the case of inner-shell excited
states of homonuclear diatomic molecules however an ambiguity exists in the
definition of the equivalent-core molecule, depending on whether the inner-
shell hole is regarded as being localised or delocalised (e.g. Cederbaum and
Domcke (20), Lozes et al (21), Outta and Huang (22)). For example, if the
inner-shell hole of N2 K* is delocalised (having the configuration Isg

- 1 or
ls~u'1) the "core" can be taken to be the two nitrogen nuclei and the three
accompanying Is electrons, which is thus aporoximately equivalent to two sepa-
rated charges of magnitude 5.5 each, but if the inner-shell hole is localised
in the vicinity of one of the nuclei (having the configuration Is- 1) then this
nucleus and its single Is electron has a total charge of 6 while the core
charge at the other centre is 5. Thus for a localised hole the outer electrons
of the molecule move in a mean electrostatic potential similar to that of the
outer electrons of the neutral NO molecule, which is thus the "equivalent-core
molecule". Assuming complete localisation and ignoring the effects of exchange
interaction, the values of ,,, wx and Ro deduced for the N2 (ls)-1(2p-) state
should be similar to those of the ground electronic state of NO. King et al
(7) found that there is indeed a close similarity between the two sets of para-
meters. This similarity also extends, despite the existence of the singlet-
triplet splitting, to the binding energies of the states with respect to their
ionisation limits, as noted by Wight et al (16). It is interesting to note
that although the lifetime appears to be short enough for the vacancy to remain
localised and for the NO equivalent-core model to have some validity, it is
nevertheless long enough to support a discrete vibrational structure for the
N2K* molecule.

Inner-shell excitation has been studied in a number of other molecules, in-
cluding diatomicsand polyatomics see for example (9) and references therein.
Both the low lying and usually intense valence states have been studied as well
as the higher lying Rydberg states. Energy-loss spectra of CO corresponding to
the excitation of a Iso carbon electron are shown in figures 4 and 5. Figure
4 shows the vibrational structure observed when the Iso carbon electron is pro-
moted to the first unfilled valence orbital 2pv and exhibits a resolution of
55meV. The oscillator strength for this transition is exceptionally high due
to the fact that the 2pr orbital is highly localised since it is confined to
the vicinity of the molecular core by a centrifugal barrier in its d-wave com-
ponent, (17). Figure 5 shows excitation of a lso carbon electron into Rydberg
orbitals of CO below the Iso ionisation potential and illustrates the high
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sensitivity of the technique.

6. THE OBSERVATION OF ELECTRIC-DIPOLE-FORBIDDEN INNER-SHELL TRANSITIONS

At sufficiently high values of incident energy, electron-impact excitation
is analogous to photoabsorption and so optical selection rules apply. However
at low values of incident electron energy (comparable to the excitation energy
of the target state), these selection rules are considerably relaxed, and then
electron-impact excitation has the great advantage that it is able to induce
electric-dipole-forbidden transitions. This advantage is potentially more
powerful than that of having superior resolution at high values of state exci-
tation energies, but it has only recently been exploited, when inner-shell
electric-dipole transitions were observed in the rare gases by King et al (6).
More recently Shaw et al (8) have made a systematic study of the parity-
forbidden 2p-4p transitions in Ar and of an inner-shell spin-forbidden transi-
tion in N2. The results of Shaw et al in Ar are shown in figure 6. The peaks

Ar 4s 4p 4s' 3d

12p- I

E (ev)

.- 1500

1500

350

244 245 246 247
Energy loss (eV)

FIGURE 6
Energy-loss spectra of Ar, obtained at the indicated values of incident elec-
tron energy, and with an energy resolution of 65meV.

in the spectra correspond to the promotion of a 2P3/2 or 2pl/2 electron to an
unoccupied Rydberg orbital. The features observed in the 1500eV incident ener-
gy spectrum are similar to those described by King et al (6). The major point
of note is the dramatic rise in the intensity of the electric-dipole-forbidden
2p-4p transition relative to the optically-allowed transitions as the incident
electron energy is reduced. The observed peak will correspond to several dif-
ferent J values that will be separated by spin orbit and electrostatic terms
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FIGURE 7
The dependence of the ratio of intensities of the observed peaks corresponding
to the transitions 2p.4p (parity-forbidden) and 2p-4s (electric-dipole allowed)
on the dimensionless quantity Kao, when fiK is the momentum transfer and ao is
the Bohr radius.

but Shaw et al (8) estimated that these splittings are small compared to the
natural line widths of the states and the finite resolution of the experiments.

The ratio of the observed intensities of the 2P3/2- 4p and 2p3/2-4s transi-
tions is displayed in figure 7 as a function of the dimensionless quantity Kao ,
where fK is the momentum transferred to the atom by an electron scattered in
the forward direction and a. is the Bohr radius. From the figure it may be
seen that the intensity ratio is approximately proportional to K2 . From the
Born approximation which gives the leading power of K in an expansion of the
differential cross section it may be found that the J=O and J=2 levels of the
(2p3/2)-'4p configuration have differential cross sections proportional to KO
corresponding to electric-quadrupole transitions. Further, the ratio of the
cross section to that of the (2p3/2)-'4s level should be proportional to K2 at
sufficiently high energies. This is in fact approximately the observed depend-
ence although the Born approximation may apply only poorly at the incident
energies used in the work of Shaw et al. Recently Shaw et al (23) have in-
vestigated inner-shell transitions near the N-edge of Xe and have been able to
resolve individual J levels and measure their relative cross sections as a
function of incident electron energy.

Electron energy-loss spectra obtained in N (Shaw et al (8)) are shown in
figure 8. The high energy feature correspondi to excitation of the
(ls)-1(2p) 1n state of N and at incident energies above about 100eV it is the
only structure observed n this region. As the incident energy is reduced,
however, a low energy structure becomes evident and at the lowest values of
incident energy used, becomes dominant. This structure corresponds to the pro-
motion of a ls nitrogen electron to the 2pT orbital to give the (Is)-1(2pr )3n
state of N2 . The spectra are the first observation of an inner-shell singlet-
to-triplet transition.
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FIGURE 8
Energy-loss spectra of N2 , obtained at the indicated values of incident elec-
tron energy, and with a resolution of 65meV. The lower- and higher-energy
vibrational structures correspond to excitation of the (Is)-'(72p)

3
n and

(Is)-
1
(2p)'c states of N2 respectively.

The work of Shaw et al (8) also gives information about whether the Is hole
is localised at the site of one of the nitrogen nuclei. If the hole is de-
localised then u-g symmetry is appropriate and a u-g splitting in energy would
be expected. Rescigno and Orel (24), for example, have calculated this split-
ting to be 0.06eV. The lSou-

2
p~g transition would be electric-dipole allowed

while the Is,1g-
2
pTg transition would be electric-dipole forbidden. In the

earlier work on the (ls)-1(2p )
1 

state of N2 King et al (7) did not see any
evidence of the occurrence of two closely lying states, although the predicted
splitting is smaller than the natural widths of the states (123meV) and the
finite resolution of the measurements (75meV) would have made such a splitting
difficult to discern. In the work of Shaw et al (8) however, an enhancement
of electric-dipole-forbidden transitions (as predicted by Rescigno and Orel)
might be expected since it was possible to achieve a large value of momentum
transfer, increasing from 1.65au at 1300eV incident electron energy to 3.73au
at 460eV. This enhancement might lead, for example, to a change in the rela-
tive areas of the vibrational levels, or to changes in the peak energies or
widths. However, within the limited statistical accuracy of the measurements
it was not possible to detect any changes of this type.

Shaw et al have observed electric-dipole-forbidden transitions in a number
of other molecules, including CO (11). Here they found a (Isoc)-(2p7)l'

3
fl
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singlet-triplet splitting which has a value of 1.46eV. Firstly this is quite
different to the singlet-triplet splitting of the analogous inner-shell states
of N2 , which is isoelectronic with CO and which has the same equivalent core
molecule. Presumably this occurs because the Is hole has a smaller radius in
the nitrogen atom than it has in the carbon atom. Consequently the overlap
between the hole and the excited 2pn orbital, the latter being the same in
both cases, will differ, resulting in a smaller exchange interaction in N2 .
Secondly the splitting gives a direct measure of K, the exchange integral for
the inner-shell Is hole orbital and the 2pT orbital since K is equal to half
the singlet-triplet splitting. The measured value of 1.46eV compares with the
theoretical value of 1.29eV (18).

The energies of the singlet and triplet (ls)-'(2p7) states of N2 and CO can
be used to calculate the weighted mean energy of the (Is)-1(2p7) configuration
of each molecule, and hence to calculate the mean binding energy of this con-
figuration with respect to the ion core configuration (Is)- . This mean bind-
ing energy is found to be the same, 9.69eV, for both molecules. This appears
to indicate that the ion core N2K+ and CK+O provide the same environment for
the 2pn electron, as they would in the equivalent-core model since they are
then both equivalent to NO+ .
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An intense (4xi0
7 

s-1), low energy (-1.0 eV), monoenergetic (AE = 75 meV)
beam of positrons has been built at the Brookhaven National Laboratory.

This flux is more than 10 times greater than any existing beam from radio-
active sources. Plans are underway to increase further the flux by more
than an order of magnitude. The intense low energy positron beam is made
by utilizing the High Flux Beam Reactor at Brookhaven to produce the isotope
6 Cu with an activity of 40 curies of positrons. Source moderation tech-
niques are utilized to produce the low energy positron beam from the high
energy positrons emitted from b4Cu.

1. INTRODUCTION

Since the discovery of the positron almost half a century ago, the number of

experiments using these particles has expanded at an ever increasing rate.
Very few studies using low energy positrons were possible at first, but after
the early 1950's a number of interesting and promising measurements in this en-
ergy range were made.(1) The discovery of positronium (Ps) opened a new regime
of atomic physics in which purely leptonic systems could be studied; many of

the measurements made in the decade thereafter were of the properties of this
atom.(2) Not long to follow, however, were the first of many studies of the
properties of solids using positrons as probes.(3) By measuring the shift in

energy or angle of the gamma rays produced by positron annihilation (with re-
spect to those produced in the center of momentum frame of the positron and
electron), or by measuring the lifetime prior to annihilation of positrons in
materials, many characteristics of the solids could be obtained. A particular

advance in this field came when positrons were shown to be sensitive to the
presence of many types of lattice defects in solids.(4-5)

While many varied studies were performed during this period, the full cap-
abilities of positrons remained to be realized. The necessary key was the dis-

covery of the reemission of positrons from certain materials at energies of
only a few electron volts.(6) This was the discovery necessary to permit the
construction of relatively intense, narrow energy width, variable energy posi-
tron beams. Many of the essential ideas behind reemission were described as

early as 1950 (1) and reemission was first seen in 1958,(7) but it was not
until the mid-1970's that the first practical slow positron beams began to be
constructed.(8-10) To this day, much work continues to be done to improve both
the beam optical designs and the energy moderation efficiencies.

The beams currently in use can be classified based both on the source of the
positrons and the type of moderator employed, and on the method used to trans-
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port the slow positrons thus produced. Common positron sources are the iso-
topes 58Co, 22Na, and 11C, the former two being obtained commercially in puri-
fied form and the latter being produced directly from ''B irradiated by pro-
tons.(10) Very promising results have also been reported in producing slow
positrons from the positron-electron showers produced by the beams of electron
linacs.(11) A beam has been constructed at BNL using the isotope b4Cu which
can be produced in large quantities from 63Cu by thermal neutron capture in the
BNL High Flux Beam Reactor. The design of this beam has been discussed in
Ref. 12.

Many different materials and designs have been employed as positron modera-
tors. Successful B and Au moderators were described several years ago (6,7,10)
and considerable success was reported using various metal foils coated with a
layer of MgO powder.(8,9,13,14) To date, however, the best moderators in com-
mon use have been clean single crystal samples of Cu and Ni as well as such
crystals with submonolayer S coatings.(15,16) Polycrystalline W has also been
used as a moderator, especially in low vacuum environments where clean surfaces
are not possible,(17-18) and there are new results indicating that clean single
crystal W or W with a thin epitaxial layer of Cu at the surface may be the best
yet.(19) In the high flux beam, we make use of the abilities of Cu as a moder-
ator to produce a self-moderating single crystal 64Cu source.

2. CHARACTERISTICS OF THE BEAM

The self-moderator 
64

Cu source consists of b
3
Cu and 

64
Cu atoms, and it

should be a single crystal to prevent positrons from being trapped in voids or
defects and hence not diffusing back to the surface of the copper. Typically a
250mg high purity copper pellet in an aluminum container is placed in the core
of the High Flux Beam Reactor for a period of two days where it attains an ac-
tivity of 200 curies, 19% of the disintegrations are in the positron emission
channel. It is then removed from the container, and by means of an airlock it
is brought from atmospheric pressure to a pressure of 10-10 Torr, and guided
through a tube into a wire basket with an alumina insert. The pellet is then
evaporated onto a W(110) crystal substrate where Cu(111) is grown epitaxial-
ly.(20) The copper crystal on the tungsten substrate is annealed and treated
with H2S to improve the moderator efficiency. Annealing improves the moderator
efficiency by one order of magnitude
and putting sulfur on the surface im-
proves it another 20%. The copper
coated tungsten then is rotated so Airlock
that its face is perpendicular to the
beam line. The positrons emanating
from the ropper crystal are energy
analyzed by two txB plates and guided
magnetically down a beam tube into the
target chamber. Figure 1 shows the Susrt
interior of the source chamber. The

source chamber and the first W anal-
yzer are located inside an 88 ton block
house which is capable of providing "LI :-aet"
radiation shielding for a 10,000 Ci c
gamma ray source. The second M anal-
yzer and target chamber are located
outside the blockhouse.

Source chamber

Fig. 1 Schematic representation
of source chamber (not to scale).
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3. CHARACTERISTICS OF THE SOURCE

The amount of positron activity from the copper pellet as a function of the
time the pellet is in the core of the reactor is shown in Fig. 2. An advantage
of the production of the source by the reactor is that it does not interrupt or

disturb any work performed by other reactor users who mainly use it for neutron

scattering. It i a completely parasitic operation. Another advantage is that

the half life of Cu is 12.8 hours, thus after several half lives the radia-
tion level in the block house is low enough for a person to enter it, and pro-

vide maintenance work on the source preparation chamber. Due to the high radi-

ation level when the copper pellet is first put into the blockhouse from the
reactor all operations must be remote controlled outside of it, e.g. radiation
sensors, video cameras, valves, and the removal of the pellet from its con-
tainer.

Figure 3 shows the large number of interactions which can occur when a beam
of high energy positrons impinges on a metal surface. The positrons which
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Fig. 2 The calculated dependence of Fig. 3 Various interactions result-
the positron activity of the source ing from a positron beam striking a
on the time the copper pellet is in surface (from Ref. 21).
the reactor core.

penetrate the surface rapidly thermalize in 10
-
12 sec by undergoing inelastic

scattering with core electrons, and then with plasmons and phonons in the met-
al. Approximately 10-3-10

-
4 of the fast positrons which impinge upon the sur-

face are emitted as moderated positrons with about an eV of energy and with an
energy spread of 75 meV at room temperature or 24 meV at 23°K.(22) This result
which appears to hold for all metals which emit slow positrons is shown in

Figure 4 for Ni(100). The slow positrons also are emitted essentially normal
to the surface. For example, for clean Cu(111) the angular spread is A6FWHM

24' at a temperature of 300K and 4eFWHM1 = 180 at 23K.(22)
In Figure 5 the calculated efficiency of the copper moderator is plotted as

a function of its thickness. It is evident from this figure that one should
use thin moderators. However, this reduces the source activity and hence the
number of slow positrons. A more useful quantity is the product of efficiency
and thickness vs. thickness. This is shown in Figure 6. The l'er curve shows
the contribution due to backscattering of the positrons from the tungsten sub-
strate and the upper curve shows the contribution due to both backscattering
and forward scattering of the positrons in the moderator.

We have recently installed a 1O,OOOA thick W(100) film in front of the cop-

per crystal to provide transmission moderation of the high energy positrons

emanating from the copper.(23) The tungsten film can be rotated either into
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. Peak normalize reemitt posi- Fig. 5 Calculate efficiency of

tron intensity versus positron kinetic the copper moderator versus its
energy. Curve (b) is the elastic peak thickness.
for Ni(100) at a temperature of 300K,
curve (a) is at 23K. Taken from Ref. 22.

the beam line or Out of it by remote control. However, preliminary tests indi-
cate there was a 20% reduction in the number of slow positrons from the number
obtained by using the copper crystal as a source and moderator.

4. POSSIBLE IMPROVEMENTS OF THE PERFORMANCE OF THE BEAM

One of the obvious improvements is to employ the concept of brightness en-
hancement first proposed by Mills.(24-26) This would reduce the beam size from
its present size, one cm to a very small cross sectional area, depending upon
the number of remoderation stages. Another would be to evaporate the copper on
a tungsten substrate of much larger area, thereby producing many more positrons
and then use brightness enhancement to reduce the beam size. A third would not
use the moderating properties of copper and instead use a tungsten film as a
transmission moderator and thereby eliminate the need to grow a copper crys-
tal. A fourth would be to enrich the copper crystal with bI4Cu relative to b

3
Cu

by means of a mass analyzer, thereby achieving as much as three orders of mag-
nitude improvement in beam intensity. Lastly to make a better copper crystal
to increase its effeciency as a moderator.

5. AN EXAMPLE OF THE INITIAL RESEARCH PERFORMED WITH THE BEAM

The beam was first used by K. G. Lynn, A. P. Mills, Jr., R. N. West, S.
Berko, K. F. Canter, and L. 0. Roellig to obtain a measurement of the two-
dimensional angular correlation of the 

2
y annihilation radiation from a clean

AI(IO0) surface.(27) It showed there was a significant difference in the angu-
lar correlation of annihilation radiation between positrons annihilating in the
bulk of the sample and on its surface. (See Fig. 7.) The data also did not
support two prevailing models of positrons annihilating on the surface of a
metal: the model of a positron bound in its "image-correlation-potential"
well(28) and the picture of a weakly bound positronium atom (Ps) where the
parallel motion would be thermal and the perpendicular motion would be associ-
ated with the 0.5 eV Ps binding energy to the surface.(29)

6. APPLICATIONS TO ATOMIC PHYSICS

It is obvious that an intense monoenergetic beam is useful for certain types
of experiments, e.g. measurement of differential scattering cross sections,
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and thickness of the copper moderator of the angular correlation of anni-

versus its thickness. The lower curve hilation radiation spectra for

shows the contribution due to backscat- momentum parallel and perpendicular

tering and the upper curve shows the to the surface. The three spectra

contribution due to both backscattering for positrons annihilation on the

and forward scattering, surface and in the bulk have been

normalized to equal peak heights.
See Ref. 27.

measurement of positron-atom cross sections which may be small, or for those

experiments requiring a narrow energy width, e.g. measuring the ionization

threshold cross section for atoms.

Presently at Brookhaven a Ps beim line is under construction by S. Berko,

B. L. Brown, K. F. Canter, K. G. Lynn, A. P. Mills, Jr., L. 0. Roellig, and i.

Weber, for the purpose of observing Ps diffraction, but will also be used for

measuring Ps-atom scattering cross-sections.(30) The positron beam will be

transmitted through a relatively high density He cell (10
-
3 Torr) which is dif-

ferentially pumped at both ends. Positronium is formed by the positron captur-

ing an electron from the helium atom. This method has been calculated to yield

a monoenergetic positronium beam with an angular spread of -200 FWHM and an ef-

ficiency for a 50 cone of Ps of 1.3% for 50 eV positrons and 0.7% for 80 eV

positrons.( 31)
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IONIZATION OF HE[[UM BY POSITRON IMPACT

Dieter FROMME, Wilhelm RAITH and GUnther SINAPIUS

Univeritat Bielefeld, Fakultt fUr Physik, D-4800 Sielefeld, F.R.G.

Positrons ionize helium atoms either by charge exchange leading to posi-

tronium (Ps) or by impact ionization. From a gas target in form of a

ling thin tube with longitudinal man- cic guiding and electric extraction

fields positrons and ions are , r-acted. mass separated and detected.

Relative cross sections. normalized at high energies to the

electron-impact ionization cross section, are obtained for the sum of

positronium-formation and impact-ionization cross section by detecting

all extracted ions and for the ionization cross section o without Ps
formation by detecting only those ions which are tcme-correlated to a

positron. The Ps-formation cross section O is then given by the
difference of the two measurements. Our results for o confirm the
measurements made at the University of Texas Arlington. PsThe taree par-

tial cross sections a , o and o (for electron-impact ionization)
peak at 35, 95 and 70 e respeclvoeyg an5 have respective cross sec-
tion maxima of 0.39, 0.45 and 0.37 x 10 cm

I. INrROOUCTION

The positron-impact ionization proceeds via two reaction channels, the
positronium formation (cross section o Ps) and the ionization with three outgo-
ing particles (o ton

He + e - He* * Ps
- He* - e + e*

The threshold for Ps formation lies at 17.8 9V, 6.8 eV below the ionization
energy, of 24.6 eV. Recently, several methods were developed for measuring o
and o The results obtained thus far are controversial, in particular in

case 0o P in which the results of a 31-coincidence experiment (1) are sub-Ps
stantially smaller than those of a positron transmission experiment (2.3). The

latter one was extended for measuring o by employing electron detection;
the ionization cross sections obtained in s ay (4) are larger than a. pn'
whereas those measured by means of a time-of-flight retarding-potential mctotod
(5) are very close to OIon'

We developed an apparatus in which the positrons and the ions are extracted
from the gas target and, after mass separation, detected separately. This
method yields relative values of Op * o which can be normalized to litera-

ture values of o (6) at high energies. In addition, the measurement of ions
Ion .

in time correlation with positrons yields relative values of o which can be
normalized in the same way. The difference of both measuremens gives a,.
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2. METHOD OF MEASUREMENT

The layout of the experiment is shown in Fig. 1.

uas Coil

Stainless stee! tobe

Gass tube

---Tungsten spiral

re t or 5 , rs,

source tco

-F-1 0 pu 3p Sct1erIr tube [ u,

, ass spectrometer

FIGURE 1
Apparatus for measuring relative positronium

formation and ionization cross sections

2.1. Gas target
The target cell consists of a long thin glass tube (length 50 cm, inside

diameter 1 cm) with gas inlet in the middle and differential pumping at both
ends. The tube's large fiow resistance makes it possible to have a high gas
pressure of close to 10 Torr in the middle together with a small gas flow of
only about 10 Torr Its, convenient for differential pumping. For background
measurements the gas flow is directed to both tube ends. Because of the unk-
nown ion-extraction efficiency the apparatus is not yet suitable for absolute

cross-section measurements. Instead, the high-energy behavior of the cross
sections is used for normalization:

Op(E) 4 0 and o (E) - (E) for E 40 a Ion [on

Positronium formation is a rearrangement process for which the cross section is
expected to peak near threshold and to vanish at high energies. The equality
of a1o and a is expected at energies at which the first Born approximation
is va id. loal cross section measurements on Helium show a merging of elec-
tron and positron data already at E = 200 eV (7).

2.2 Positron beam
The sodium-22 positron source is located on the side of the beam-transport

system such that there is no line of sight to the channelplate detectors
(Fig.1l. The moderator is an annealed tungsten plate mounted at 450 with
respect to the beam axis. Several coils produce a longitudinal magnetic field
of about 350 G in the target region and with lower field strengths elsewhere,
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adjusted for best focusing properties. The tungsten spiral inside the glass

tube (enlargement of Fig.l) provides a wall of well defined electric potential.

By drawing a current through the tungsten wire a longitudinal electric extrac-

tion field (10 V potential difference between tube ends) is generated.

The tube entrance aperture of 5 mm diameter insures that primary positrons

do not hit the inside wall. The scattered positrons are radially confined by

the magnetic field and (except a few scattered backwards at full energy)
extracted from the target unless they disappear by forming positronium with

subsequent annihilation. After leaving the target the positrons are accelerat-
ed to 500 eV plus collision energy and traverse the region of the ExB mass
spectrometer (8) on trajectories whose projections onto a plane perpendicular
to the beam axis are trochoids with several periods. This results in a hori-
zontal offset of less than 0.6 cm. The positron counting rate of detector 1 is
about 1000/s.

2.3 Ion beam
The He* ions, produced by Ps formation or ionization are accelerated in

axial direction by the electric extraction field. The present magnetic guiding

field of 350 6 is not strong enough for complete radial confinement. Ions with
transverse velocities corresponding to the tail of the thermal distribution can
hit the wall. In addition, ions already accelerated in the extraction field
can be deflected toward the wall in a He4-He collision. Estimates indicate
that less than 1OZ of the produced ions are extracted. After leaving the tar-
get they are accelerated to 500 eV and deflected in the ExB mass spectrometer
toward the mesh in front of detector 2. Before reaching the mesh the ions go
through 1/30 of a trochoid period. The trochoid amplitude, however, is m /m
times larger than that for the positrons. The result is a nearly vertical ion

deflection. The ion counting rates lie mostly between i and 10/s.

2.4 Oata acquisition
Without gas in the target the counting rate of detector I is a measure of

the primary positron intensity. The ratio of the counting rates of detectors 2

(with gas) and 1 (without gas) is a relative measure of o + on. In addi-
tion to accumulating the counts of detectors 1 and 2 a TA!MCPH1 combination is

employed in the following way: A positron-detection event starts the TAC and
the next ion-detection event stops it; if none occurs within 100 Ms the TAC is
reset. The time distribution accumulated by the MCPHA shows a flat background,
mainly resulting from He* ions whose correlated positrons were not detected or
disappeared by forming positronium, and a distinct peak centered at about 35fs
(depending on the extraction and acceleration voltages) due to the He* ions
originating from ionization by the positrons which provided the corresponding
TAC start pulses. The ratio of the number of events in the peak on top of the
background to the number of TAC starts is a relative measure of o as long as

pile-up corrections are negligible. Ion

2.5 Data evaluation
For measuring the energy dependence of the cross sections the energy of the

primary positrons is varied by changing the potential difference between

moderator and target entrance. Not varied are the extraction field across the
tube, the ion energy in the ExB mass separator, the potentials of detectors I
and 2, and all magnetic fields. This raises the question about energy depen-
dent systematic errors, for example due to changes in the ion-extraction
efficiency. In order to check how serious these errors are, an electron-impact
ionization experiment was performed using the secondary electrons from the

moderator as primary beam. By putting detector I at a positive potential for
counting the electrons without gas in the target it was found that the intensi-
ty of secondary electrons is proportional to the intensity of posit-ons at all
energies. With gas in the target, however, the potentials between target exit
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and detectors were chosen the same as in the positron experiment, repelling the
electrons but detecting the He ions. The curve of relative values of o (E)
was then compared with the literature values of a (E) of Montague eonal.

Ion(6). matching the curves at low energies. This comparison shows a rather good
agreement. Only at higher energies our values are slightly lower, by about 81
at 400 eV. The deviation is interpreted as a slight decrease of the extraction
efficiency because the effect is more serious when a weaker magnetic guiding
field is used. The positron data are corrected for this decrease in extraction
efficiency with increasing energy. Both the sets of relative cross-section
values are normalized to a on in the energy intervall of 200 - 400 eV.

3. RESULTS

0.6-

E0.4-

0.2

t3
b 0.2

0 50 100 500

E(eV)

FIGURE 2
The sum of Ps-formation and ionization cross sections for positron impact
on helium, versus energy. Dots - this work, line with crosses - Willis
and McDowell 19). For comparison: solid line - electron-impact ioniza-
tion cross section alo n of Montague et al. (6).
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The results for a s(E * o0 (El are displayed in Fig. 2 together with the
estimates of Willis and Hcowell obtained from measured total cross sections
and five-state close-coupling calculations for elastic scattering and excita-
tion. For comparison the curve of aon (E) is also shown. The error bars of
our data points in Figures 2-4 are the sum of statistical one-standard devia-
tion error and an 81 systematic error due to normalization.

Our data on Ion (E), measured with the time-correlation method and
normalized to oln are shown in Fig. 3 together with other experimental and
theoretical results. The experimental results of Sueoka (5) which are nearly
equal with 0 (E) are contradicted by our results. The trend a +

indicated by the theoretical result of Basu et al. obtained with a"3ist jd
wave for the incoming positron and complete screening in the final state, is
now substantiated. The measurements of Diana et al. (4) agree only partially
with our results. The differences of our data plotted in Fig. 2 and Fig. 3
represent our results for o PSE) plotted in Fig. 4. They agree very well with
those of the Arlington group (2,3) and the distorted-wave polarized-orbital
calculations of Khan and Ghosh. There is a significant disagreement with the
results of the London group Ml).

0.6 0.6

0.4 0.4
E

UU

b a.

ib

11 0 0 4 O

-7~ 50 1050010 10 o

E (eV) E(eV)

FIGURE 3 FIGURE 4
Ionization cross section for positron Positronium formation cross section
impact on helium vs. energy. Dots - for helium vs energy. Circles - this
this work, triangles - Diana et al. work, triangles - Fornari et al. (2)
14). diamonds - Sueoka (5), dash- and Diana et al. (3), squares -
dotted line - Basu et al. (10), solid Charlton et al. (1), dash-dotted
line - oIon E) as in Fig. 2. line - Khan and Ghosh (11).



238 D. Fromme et a.

The energy width of our data points is about 4 9V FWHM as estimated from the

width of the He
+ 

ion peak in the MCPHA spectrum and the potential gradient in

the target.

4. FUTURE DEVELOPMENTS

The deviations of our o data points from o in the energy range of
300-400 eV, believed to caused by a systemasic error related to electron
optics, will be further investigated. With a four times stronger magnetic
field we will increase the extraction efficiency and thus reduce any related
systematic errors (e.g. different transverse velocity distributions for ions
from the two reaction channels). The energy resolution will be increased by
reducing the extraction field for the measurement of o + o and by pulsing

th.xrcin il o 0 oPsaIon .n b

the extraction field for the ona measurements. A long-range goal is the test
of threshold laws for positron-mpact ionization.
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OBSERVATIONS OF SPIN DEPENDENCE IN SUPERELASTIC SCATTERING OF POLARIZED
ELECTRONS FROM Na(3P)

J. J. McCLELLAND, M. H. KELLEY, and R. J. CELOTTA

Radiation Physics Division, National Bureau of Standards,
Gaithersburg, MD 20899 USA

Measurements are presented of spin asymmetries observed in the
superelastic scattering of 10 eV electrons from laser excited Na(3P).
Asymmetries as large as 16% are seen, despite the fact that the target is
not spin-polarized. Data are presented both as a function of scattering
angle and laser polarization angle. An interpretation of the effect is
given in qualitative terms.

1. INTRODUCTION

In the study of inelastic electron-atom collisions at low energies, the
investigation of alignment and orientation introduced in the excited atomic
state has provided a significant avenue for detailed comp arison of theory with
experiment. Such experiments can be done either with coincidence techniques,
or with the inverse, superelastic process(1). By measuring not only cross
sections, but also the probability of creating a particular angular momentum
state in the excited atom, one is able to compare a larger set of experimental
variables with theoretical predictions. Different theoretical approaches
which do not significantly disagree in the cross section can give quite
different alignment or orientation parameters. Thus decisions can be made as
to the applicability of a theory in situations where knowledge of a cross
section is of little value.

The natural extension of this type of experiment is to include spin in the
list of experimentally resolved parameters. When spin-dependent cross
sections are measured as a function of alignment and orientation of the
target, the major new information that can be gained is the role played by
exchange, or spin-orbit coupling, if any, in the creation of a particular
angular momentum state of the target. Thus the scattering process can be
broken down into its most basic elements. Not only are the scattering
amplitudes for the various magnetic sublevels of the excited state probed, but
these are also separated into their spin-dependent contributions.

It is with this in mind that the current experiments were performed(2). We
have measured the spin dependence of the cross section for superelastic
scattering of 10 eV electrons from laser-excited Na(3P) as a function of
scattering angle and laser polarization angle. These results represent the
first measurements of spin dependence in superelastic scattering from an
aligned target. As such they provide the first direct experimental probe of
the role played by exchange in the excitation (or de-excitation, as it were)
of an aligned excited state.



240 JJ McCleland etaL

2. EXPERIMENT

A complete description of the experimental apparatus will be presented in a
forthcoming publication. Briefly, it consists of a spin-polarized electron
beam, produced in a negative electron affinity GaAs source(3), incident on a
beam of Na atoms originating from an effusive oven. The scattering volume is
illuminated from a direction perpendicular to the scattering plane by a
linearly polarized laser beam with frequency corresponding to the 3Sl,2(F=2)
3P312(F=3) transition in Na. Figure 1 shows a schematic of the scattering
geometry. The laser is a single-mode frequency-stabilized ring dye laser
(linewidth approximately 1 MHz). It is frequency locked to the desired
transition by imaging the fluorescence onto a split photodetector whose
difference signal provides feedback to the dye laser frequency control(4).
Superelastically scattered erectrons are detected with a channel electron
multiplier equipped with a retarding field analyzer to reject elastically and
inelastically scattered electrons. This detector is mounted on a rotatable
turntable to allow measurement of the angular dependence of the scattering.

A typical measurement protocol involves modulating the electron spin
direction at a rate of 100 Hz while two scalers, gated with reference to this
modulation, collect counts for the two different spin orientations. The two
scaler readings are averaged over several (typically 10) runs of 200 seconds
each, and then combined to form the spin asymmetry A = Pe-I(N+-N+)/(N++Nt),
where P is the electron beam polarization (0.26) and N is the number of
counts for spin up (+) or spin down (+) incident electrons. One standard
deviation error bars are obtained from the reproducibilty of the 10
measurements, and these typically agree very well with those predicted from
counting statistics. Not included in the error bars shGwn in the present
results is an overall scale factor uncertainty in the asymmetry measurement
due to an uncertainty in the measurement of Pe" This is estimated to be ± 6%
(1c) of the asymmetry value(5).

FIGURE 1. Schematic of the
scattering geometry, showing a
representation of the charge
density of the prepared 3P
state. Electrons with spin

Ipolarization P. perpendicular

to the scattering plane are
.. - incident with momentum i, ard

scatter into an angle 6 with-, momentum f, The initial atomic

S/ state is prepared with linearly
_ 7polarized laser light incident

perpendicular to the scattering
plane. The electric vector t of
the light makes an angle a with
the incident electron
direction.
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0.25

0.15 FIGURE 2. Spin asymmetry in

E s'iperelastic scattering as a

E 0.05 function of scattering angle 0.
The laser is linearly polarized

-0.05 parallel to the incident

electron direction (6=0). An

._-0.15 antisymmetric curve is drawn to
guide the eye.
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3. DISCUSSION

The antisymmetric spin asymmetry results shown in Figure 2 are quite
surprising when one considers them from the point of view of the usual
presumptions made in discussing spin-dependent effects in low energy electron-
atom collisions(6). Firstly, considering the fact that the target is not
spin-polarized, it is surprising that there should be any spin asymmetry in
the cross section at all. Spin-orbit coupling is generally the only type of
interaction which can cause left-right antisymmetric spin-dependent effects
with an unpolarized target, but it should be negligible when incident electron
energies are low, the target Z is small and scattering angles are small. One
is thus left with exchange as the only possible source of the spin asymmetry,
but this also leads to contradictory conclusions. Exchange usually produces
asymmetries only when the target is spin-polarized, and these asymmetries do
not change sign when one goes from positive to negative scattering angles.
Hence we are faced with the following dilemma: an explanation of the
observations in terms of spin-orbit coupling seems reasonable in view of the
unpolarized target and the left-right sign change of the asymmetry, but seems
unreasonable in terms of energy, target Z, and scattering angle. Similarly,
exchange seems reasonable in terms of the latter considerations, but appears
tn '11 qhn- in predicting the rattering angle antisymmetry or, indeed, even
the existence oT the effect.

A qualitative resolution of the apparent paradoxes presented by the data is
obtained by considering the roles played, in the presence of exchange, by the
four angular momenta in the problem: the incident electron's spin, its
orbital angular momentum, the target electron's spin, and its orbital angular
momentum. In order to understand how these come into play, we must first
consider the state of the target as prepared by the linearly polarized laser
beam. For convenience in describing the scattering dynamics, we choose to
discuss the atomic state in terms of the coordinate system in which the
quantization axis is antiparallel to the incident light direction(7).
Neglecting for the purposes of this discussion the fact that the atom is in a
single hyperfine state, simple transition probabilities for linearly polarized
light predict that the excited state atoms are in a superposition of M levels
of the 3P3 /2 state, the Mi = ±3/2 having 3/8 of the population each ana M=
±1/2 having 1/8 each.
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The next step is to recognize, as demonstrated by Hermann et al.(]), that
when an electron superelastically scatters to the left side of the atom, the
cross section for deexciting positive ML states is much larger than for
negative ML states. Thus if one has a superposition of ML states in the
target, one would expect the majority of electrons scattered to one side to be
those which have deexcited positive ML states, while those scattered to the
other side have, for the most part, deexcited negative ML states.

An explanation of the spin-dependent effect is now apparent, when one
considers the fact that the Mj = +3/2 state consists of an M = +1 coupled
with an M - +1/2 state, while M - -3/2 has ML = -1 coupled with M -1/2.
Since mosi of the excited state population is in the M = +3/2 and -3/2
states, it can be said that in detecting electrons scattered to one side, we
have not only selected those electrons which have mostly deexcited a specific
M% state, but also those which have mostly deexcited a specific MS state.
T us we have, in effect, selected those electrons which have scattered from a
spin-polarized subset of the excited atoms. This removes the above-mentioned
objections to attributing the observed spin-asymmetries to exchange. Spin
polarization of the target is achieved by selection of a spin-polarized
subset, while left-right scattering antisymmetry arises from the selection of
the opposite sign of target polarization when the scattering angle sign is
switched.

The data shown in Figure 3 also, at first consideration, present a somewhat
unforeseen result. These data show the effect on the spin asymmetry of
changing the angle which the polarization vector of the linearly polarized
laser light makes with the incident electron direction. The observed
variation in the spin asymmetry is somewhat difficult to understand in light
of the fact that a rotation of the electric vector does not change the
relative populations of the Mj sublevels in the excited state, but rather only
changes the relative quantum phases. Hence the spin-polarization of any
subset of the excited state remains constant, suggesting that the observed
spin asymmetry in the scattering shouldn't change.

Qualitative understanding of this phenomenon can be achieved when one
considers the fact that while the majority of the scattering to one side is
from Mj = +3/2 states, there is also some contribution from the other Mj
levels. In particular, the contribution from Mj = -1/2 is coherent with that
from M = +3/2 since the atomic state contains a coherent superpostion of
these two states. Because the Mi = -1/2 state is a mixture containing some ML
= (3 MS /2, there is some scattering from M = -1/2 coherently combined
wit; thescattering from M = +1/2. One would thus expect an interference
term in the resulting scatiering intensity and also in the spin asymmetry, the
size of which depends on the angle B.

0.25

a) 0.20 FI~iURE 3. Spin asymmetry in
E -superelastic scattering vs.

E 0.15 laser polarization angle 6. The
scattering angle is -300. The

0.10 curve is a least-squares fit of
the function A+Bcos(2o+C). The
parameters A, H and L have the

values 0.115 ± O.UU6, U.U6U
V) 0.008 and -280 t 9o.

0 45 90 135 180

(degrees)
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4. CONCLUSION

We have presented first measurements of spin-dependent effects in
superelastic scattering from laser excited Na. In the process of probing this
new area of experimental investigation, we have uncovered some surprising
effects which stress the necessity of carefully considering the assumptions
made in the description of spin effects in electron-atom collisions. We have
presented explanations of the apparent paradoxes posed by our measurements in
physical terms, in the hopes that greater physical understanding can be
achieved this way.

Clearly, although progress has been made in this direction(8), a complete
theoretical description of these phenomena is required before it can be said
that they are fully understood. Once such an analysis is carried out, the
comparison with experiment should yield new information which will, in
combination with cross section measurements and alignment and orientation
parameter determinations, provide the ultimate test of ab initio calculations
of complex scattering factors.

The results shown here are only the beginning of a large series of
measurements which can be made. Work is currently underway to measure spin
asymmetries with circularly polarized excitation, which should provide
information more directly comparable with theory, since optical pumping allows
the atom to be prepared in a pure ML

= 
±1, Ms = ±1/2 state. In addition, the

incident energy dependence of the spin asymmetries is certainly of interest
and is also being investigated. With the completion of these measurements, it
is hoped that a large improvement in the understanding of the role played by
electron spin in inelastic collisions can be realized.
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THIS BEAM IS YOUR BEM

By M. J. Coggiola Tune: This Land is Your Land

This beam is your beam
This beam is my beam, from early morning to the next day ev'ning
From the ion sources to the down stream magnets;

This beam was made for you and me.

As I was tuning my beam of protons
I accidently lost all my muons
By now my vacuum is just a mem'ry

This beam was made for you and me.

I've begged and pleaded for longer run time
But NSF has spent their last dime

While all around me are users waiting

This beam was made for you and me.

When will we ever get higher count rates
Enough to burn up our fancy channel plates
As all was working my shift was over

This beam was made for you and me.
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RELATIVISTIC ATOMIC COLLISIONS

R. ANHOLT

Department of Physics, Stanford University, Stanford California 94305*

X-ray and charge-state studies of relativistic heavy-ion-atom collisions
have been made at the Lawrence Berkeley Laboratory's BEVALAC accelerator.
This paper reviews studies of ionization processes, radiative electron
capture, and bremsstrahlung x-ray emission in solid targets.

1. INTRODUCTION

The coupling of Lawrence Berkeley Laboratory's heavy ion linear
accelerator (SuperflILAC) with its relativistic synchrocyclotron (BEVATRON) has
opened up new frontiers In atomic-collision physics. The BEVALAC is capable of
accelerating U ions to energies of -1-GeV/amu (total energy 238 GeV), which
makes possible for the first time the study of collisions and interactions of
the heaviest few-electron ions.

From the point of view of atomic collision physics, the relativistic ion
velocity is less important than the relative velocity. Most fundamental
processes in atomic-collision physics scale with the ratio of the Ion velocity
v to the velocity at the active electron (v for processes involving the Is
electron). With relativistic projectiles on can obtain velocities that are
high with respect to the fastest electron in the heaviest atom, the Uranium K
electron. This allows the ion to be stripped, so that one can study one- or
two-electron, high-Z ions where the atomic structure problem is greatly
simplified. Most theories of scattering processes are greatly simplified also.
While theories at low relative velocities are becoming increasingly refined
only by employing numerically intensive coupled-channel calculations including
ten, fifty, perhaps hundreds of basis states (1), at high relative velocities we
can still make use of high-velocity theories like the first Born approximation
for ionization and excitation processes (2,3) and second-Born (4), eikonal (5,6),
strong-potential-Born (7), or impulse approximations (8) for capture processes.

This is not to imply that scattering processes at high velocities are well
understood, else their study would not be worthwhile. In this paper, we
examine distortion effects (9) on ionization processes which reduce projectile
ionization cross sections by factors as small as 0.2 in some cases. We also
examine radiative electron capture processes (REC), which are negligible in
low-velocity collisions, but account for most of the observed capture cross
sections for relativistic ions incident on low-Z targets (10). Nonradiative
electron capture (NRC) is discussed elsewhere in this volume (11). Lastly, we
discuss radiative continuum processes which have been observed in measurements
of x-ray production by relativistic heavy ions.

ASupported in part by the National Science Foundation grant No. PffY-83-13676.
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2. EXPERIMENTS

Until now two different kinds of atomic-collision measurements have been
made: measurements of x-ray production (12) and of charge changing cross
sections (13). Both employed many solid targets ranging from Be to U, and
several different ions and beam energies were used. The methods used are,
except for a few cases, standard in atomic collision physics, and are discussed
elsewhere (12,13).

Figure I illustrates the type of x-ray processes observed when
4i2-MeV/amu U ions bombard Be and U targets. The most prominent features in
the U + U spectrum are the K x-rays coming from the target atom (U) and
projectile ions. The target K x-rays are sharp since the target atom is
initially stationary and does not recoil significantly when a projectile ion
passes by sufficiently close to create a K vacancy. The target K x-rays
mainly come from ionization by the projectile nucleus, but uncertain
contributions due to target K electron capture by the projectile are present.
The projectile x-rays in U + U and U + Be collisions are broad due to the
Doppler shift over the range of angles subtended by the x-ray detector. They
mainly come from 1s-2p excitation followed by radiative decay in one- and two-
electrcn projectiles, and give information about the state of the ion inside
the solid target, which is discussed elsewhere (14).

The peak at approximately 270 keV is due to the radiative capture of
target K electrons into the K shell of the projectile. The peak in U + Be
collisions is very broad due to Doppler broadening, and is not observable in
U+U collisions due to intense continuum x-ray emission. The REC photon cross
section gives a direct measure of the radiative contribution to the total
captu:.e cross sections and indirect information about the state of the
projectile inside the target (10,14).

Below the K REC peak in U+Be collisions, L REC (radiative capture into the
L and higher projectile states) is expected. Also a continuum spectrum we
call primary bremsstrahlung (15-17) is seen. We discuss primary
bremsstrahlung and secondary-electron bremsstrahlung (18,19), which is
dominant in U + U collisions, in Section 5.

Measurements of charge-changing cross sections using incident zero-, one-,
and two-electron ions on thin targets give direct information about projectile
Is ionization and capture. For example, when Xe" ' 

ions are used, the yield of
Xe

5
1 is proportional to the is ionization cross section, and the yield of Xe 2 +

ions is proportional to the electron capture cross section, if the target is
sufficiently thin (13). Figure 2 shows typical results. The projectile
ionization cross sections increase roughly as Zt, which measures the strength
of the perturbing interaction between the target nucleus and projectile
electron. The electron capture cross sections increase linearly with Zt at
low Zt where REC is dominant, then begin to increase faster with Zt than the
ionization cross sections, due to NRC. This qualitative Zt-behavior has been
seen in collisions with projectiles ranging from Carbon to Uranium. The point
where NRC overwhelms REC varies with the ion energy and the atomic number of
the projectile.

3. IONIZATION PROCESSES

Charge-state measurements of projectile ionization using relativistic heavy
Ions is an unambiguous method for studying ionization processes as one varies
the strength of the perturbing potential. When one measures target
Ionization, contributions due to K electron capture by the projectile are
present, which despite the advanced state of our knowledge of elactron capture
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FIGURE 1
X-ray cross section spectra for 422-MeV/arnu U+Be and U+U collisions at 01=85o.
In addition to target Ka and K$, projectile Ka, K- and L-REC x-ray lines,
primary bremsstrahlung (chain curve) and secondary electron bremsstrahlung
(dashed lines) are shown. The solid line shows the total calculated continuum
x-ray intensity.
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PIGURE 2
Cross sections for Xe53 ' is ionization (solid line and closed circles) and Xe 54*
electron capture (triangles). The calculated radiatve electron capture
(dashed lines) and nonradiative capture (chain curve) cross sections are shown.
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by relativistic projectiles (5,6), can still not be calculated accurately within
a factor of two. These contributions ar, absent when projectile ionization is
measured, since the neutral target atoms cannot capture projectile electrns.

The screening of the perturbing target nucleus by the target electrons
must be considered when projectile ionization is studied (20). In the plane-
wave Born approximation, the projectile ionization cross section per electror
is given by (21)

a a o .1 dE f I<Ejexp(iq-r)lls>1
2  

S(q), :11
13 0 qo q

where E is the kinetic energy of the ionized electron, q. = (EK * E)/Bc is the
minimum momentum transfer needed to excite the K electron with binding energy
EK, Bc is the ion velocity, a. is the Bohi radius, a = 1/137.037, the target
screening factor is given by

S(q) = [Zt-E i J<qiJexp(iq-r)Ji>]
2 + 7

t- Z i J<ilexp(iq-r)l~i,>1
2

, (2)

1t is the ta-get nLiclear, charge, and the s,,l ccupied
crbitals i" The first twc tcrmr in this exiressicn represent the u'ter .
with! a screened target nucleus. At ver-y hi, veec ies, q z qis nearly
ze-o, and this termi vanishes. Eixcitation, which nu-d nrraliy cccur at
impact parameters, is not present because the projectile electron sees a
neeutral atom. -he second two terms rerresent the excitatic rectle
electrons by Zt soparate electron-electron interactions. This term also
vanishes as q, approaches zero. In collisions with very heavy ions like Xe and
U, the momentum transfer is large, so that the target form factors,
<Wilexp(iq-r)J4i>, are small, and the ionization cross sections vary as
(Zt+Zt)oB, where 

0
B is the plane-wave Born approximation cross section for

protons.
Equations (1) and (2) do not incorporate threshold effects on the electron

excitation contribution. In 82-MeV/amu Xe collisions, the target electron
kinetic energy in the projectile frame is 45 keV, which is barely energetic
enough to ionize a Xe K electron with a binding energy of 40 keV. To account
for the electron ionization contribution, we therefore subtracted ZtOe from
the measured cross sections, where ge is the calculated electron ionization
cross section of Rudge and Schwartz (22) which is reasonably accurate near the
ionization threshold.

With relativistic projeutiles one must include not only the Coulomb
interaction between the projectile electron and target nucleus, but also the
current-current interaction in the projectile frame (23). This gives an
additional transverse ionization cross section, whiph is dominant at energies
exceeding about 10 GeV/amu, but is negligible for 82 to 200 MeV/amu.

Figure 3 shows reduced ionization cross sections

0
red = (Omes - Ztoe)Ztj (3)

for 82- to 200-MeV/amu Xe ions plotted against the atomic number of the
perturbing nucleus. Studies of target inner-shell ionization by light ions
have explored the region of small perturbing charges. At low velocities where
the electrons form diatomic molecular orbitals around the projectile and
target nuclei and become more tightly bound, the electrons are more difficult
to ionize, hence smaller ionization cross sections are found (9). At high
velocities, the distortion of the electron clouds redistributes the electron
density toward the perturbing nucleus, thus bringing the electron and
ptrtLjrber closer together, and increasing the probability of excitation )
Basbas et al. (9) formulated a theory relevant to the present intermediate
v.,. >citieLa (v-vK) that interpolates between the two regiim-. H-jwever, this
theory generally predicts that the present projectile ion ',ion cross sections
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FIGUR~E 3
Reduced single ionization cross sections for 81.5-, 140-, and 200-MeV/amu Xe
projectiles. The data points are compared with the planie-wave Born
approximation (thick solid line), the theory of Basbas et al (9) incorporating
distortion effects (thin solid line), a semiempirical modification of the Basbas
theory (dashed line), and the Glauber approximation (chain curve).
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FIGURE 4
Scaled p+H and Xe+Xe 1s ionization cross sections plotted against proton
kinetic energy. The p+H data points are from Park (24; triangles) and Shah and

Gilbody (25; closed circles). The curves are the same as in Fig.3.
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should be larger than the plane-wave Born calculations, but most of the data
for Zt > 20 lie below the Born ones. To estimate the ionization cross sections
for other applications, we semiempirically modified the Basbas calculation by
increasing the relative weight of the binding effect. The resulting cross
sections, shown in Fig. 3, are in reasonable agreement with experiment at large
Zt.

We noted that scaled p + H ionization cross sections (24,25) for the same
ratio of v to vK agree well with interpolated Xe+Xe ionization cross sections
for symmetric collisions (Fig. 4). This led us to apply theories like the
Glauber approximation (26) that have normally been used exclusively for near
symmetric collisions in the present highly asymmetric ones. The Glauber
ionization cross sections are always below the Born cross sections, which
possibly indicates the lack of elements in the theory that can be physically
connected with the polarization effect. At large Zt, the Glauber calculations
agree well with experiment, but at small Zt, the measured cross sections lie
above the Born and Basbas theories. The low Zt data points are significantly
affected by target antiscreening where we do not have a definite theory
incorporating threshold effects.

4. RADIATIVE ELECTRON CAPTURE

Radiative electron capture is the inverse of the photoelectric process. In
the projectile frame, an incident bound target electron is captured with the
emission of a photon whose energy is equal to the sum of the electron kinetic

nrergy, (Y-1)mc 2 where Y2=(1-82)Y1, and the final electron binding energy.
Raisbeck and Yiou (27) noted that REC was needed to explain observed total
electron capture cross sections for >300 MeV/amu protons incident on low-Z
target atoms. The REC photon was observed at nonrelativistic velocities by
Kienle et al. (28) and others.

The cross section for REC into the projectile shell i is calculated using
photoelectric cross sections OPEi:

0
ECi = Zt (y-)2 opEi(kmc2), (4)

where k = Ei/mc
2 + Y-1, and the factor of Zt is present because there are Zt

target electrons per atom that can be captured with equal likelihood.
There are two ways of measuring the REC cross section. Charge-changing

cross-section measurements give the sum of the REC and NRC cross sections. At
low-Zt, REC dominates (Fig.2), so one directly measures the REC cross section,
but at high-Z t , this is not possible. The K REC photon cross section is given
by (10)

0
RECY = 2 NKv RECK'

where NKv (<2) is the average number of K vacancies carried by the projectile
inside the solid target. Therefore, the measured REC photon cross sections
depend on two unknowns: the number of projectile vacancies and the K REC cross
section. From our parallel studies of the states of ions in solid targets
(14), we have evidence that for the present high-Z ions, the equilibrium charge
states of projectiles inside the target are equal to those measured downstream
using a magnetic spectrometer. While this may not be the case for low-Z, low-
velocity ions in solid targets where projectiles in highly excited states can
Auger decay after leaving the target, giving larger post-target charge states
(29), it is the case for the present high-Z Ions where the high radiative decay
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FIGURE 5
Measured and calculated KREC photon cross sections and the derived number of

projectile K vacancies, obtained from Eq.(5). The crosses for 422-MeV/amu U
and the solid lines for the Xe collisions show NKv values obtained from post-
target charge-state measurements. The REC photon cross sections become
uncertain for Zt>20 and impossible to measure for Zt>50 where secondary
electron bremsstrahlung overwhelms the REC cross sections.

rates keep excited-state populations small. This is shown in Fig.5 where equal
values of NKv have been obtained from measured photon cross sections and
measured post-target charges states for U and Xe ions. This also verifies
that we can calculate REC cross sections accurately. Therefore, we conclude
that the theory of REC is well understood.

5. RADIATIVE CONTINUUM PROCESSES

Radiative electron capture is the capture of target electrons into bound
states of the projectile. An analogous process is the capture into continuum
states of the projectile, which we call primary bremsstrahlung (PB, 15-17).
Viewed differently: in the projectile frame, the projectile nucleus is
bombarded by target electrons with mean kinetic energy (Y-l)mcl. These
electrons may emit bremsstrahlung photons with energy Ex as large as the
electron kinetic energy in the projectile frame. In the laboratory frame, the
end-point x-ray energy is given by

Ex, - (Y-1)mc 2 -1 (1-Bcose')-, (6)

where ' is the laboratory photon emission angle. For 42?-Kefamu U
collisions viewed at 85', the PB spectrum endpoint is near 170 KeV.

As a first approximation, the PB cross section is just the Dremsatrahlung
cross section for Zt electrons with kinetic energy T - (Y-1)mc l bombarding the
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FIGURE 6
Continuum x-ray cross sections in 82-MeV/amu Xe collisions at an x-ray energy
of 40 keV, 197-MeV/amu Xe at 60 keV, and 422-MeV/amu U at 140 keV. The
measured data points are compared with calculations of primary bremsstrahlung
(chain curve) and secondary-electron bremsstrahlung (dashed line), and the
total continuum yield (solid line).

projectile nucleus Lorentz transformed into the laboratory (30):

d2OpB(Ex',e') d 2 brem(Ex,6,Zp,T) dEx d(
dEx'dQ' = Zt dExd dEx ' dQ(7)

where
= -cose' do 1-82

cose 1-Bcose"' " T = (1-8eos') '
and

dEx 1-6cose'
dEx ,  (J_B2)?/2 (8)

Here the unprimed quantities are projectile-frame quantities (center-of-mass
for projectile-electron collisions), and the primed ones are laboratory
quantities. For the bremsstrahlung cross section we used the Bethe-Heitler
formula [Eq.(3BN) of ref.31] including the Elwert Coulomb correction factor.

For the calculations shown in Fig. 1, we folded in the target electron
Compton distribution to take into account the motion of the bound target
electrons in the target frame, and we averaged over the laboratory angles
subtended by the x-ray detector. These folding procedures have no effect on
the PB cross section for x-ray energies well below the end point. The
electron momentum folding causes the spectrum to drop off more slowly above
the end point; the Doppler folding shifts the position of the end point to
slightly higher energies, due to the inclusion of smaller laboratory angles,
and rounds off the continuum shape near the end point.

The calculated PB cross sections are generally lower than experiment, as
discussed in more detail below. However, the shape of the continua agree well
with experiment, especially where PB is dominant, as in the Be collisions. The
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measured photon angular distribution in 197-MeV/amnu Xe+Be collisions is in good
agreement with Eq.(7) when normalized near 900.

Secondary electron bremsstrahlung (SEB; 18,19) is dominant in the U+U
collisions, as shown in Fig.l. In a binary collision between a 422-MeV/amu
heavy ion and a nearly free electron, ionized electron kinetic energies up to
Emax = 1140 keV are possible. These electrons can collide with other nearby
target nuclei in solid targets, emitting bremsstrahlung photons with energies
up to -1140 keV. To calculate the cross section for SEB, we assume (i) that
Zt target electrons per atom are free and scatter elastically from the
projectile nucleus, and (ii) the ionized electrons follow a tortuous path inside
the solid target so electrons never leave the target material, and the angle
between the bremsstrahlung photon direction and the projectile direction is
random. The latter assumption follows from a calculation of the mean
multiple scattering angle for 100- to 400-keV electrons in the targets used.
The mean angle is of the order of several radians, so one cannot assume the
electrons travel in a straight line after being emitted. With these
assumptions, the cross section is given by

dOSEB(Ex') t Emaux dOelas fEx ' dEe' dobrem(Ex')
dEx' fEx ' dEe' e E"  S(Ee') n dEx' (9)

where dOelas(Ee)/dEe is the elastic electron scattering cross section,
Emax=2Y

2
B
2
mc

2
, n 2 is the target-atom density, S(Ee) is the electron stopping

power in the target material, and dobrem/dEx is the angle-integrated
bremsstrahlung cross section calculated using the Bethe-Heitler-Elwert formula
(31). The calculated SEB cross sectiors are in good agreement with the
measured U+U spectrum in Fig. 1.

Figure 6 shows the Zt-dependence of continuum x-ray production in
82-,197-, and 422-MeV/amu Xe and U collisions. The x-ray energy chosen falls
within the region where both PB and SEB are present. Given the good agreement
between the shape of the calculated and measured x-ray spectra, identical
qualitative results are expected at other x-ray energies. The x-ray energies
were partly chosen to avoid, as much as possible, interference with
Pharacteristic x-rays and REC photons (though cross sections for continua

-ling beneath target x-ray lines could not be obtained at some Zt values).
The fully logarithmic plot in Fig. 6 demonstrates that PB increases

linearly with Zt and SEB increases quadratically with Zt. Good agreement
between the SEB calculations and experiment is found at high-Zt, but there is
a systematic discrepancy at low-Zt where PB dominates. If one subtracts the
calculated SEB contribution from the measured cross sections, the resulting
cross sections increase linearly with Zt, as predicted by the PB theory, but
are factors of 1.7 (197-MeV/amu Xe) to 2.9 (422-MeV/amu U) too high.

We have double checked every assumption made to determine PB and believe
the calculated cross sections are accurate to within ±30%. We conclude that
the disagreement between the theory of PB and experiment is fundamental. The
shape of the PB spectrum and the angular distribution of the radiation agree
with theory, but the magnitudes of the measured and calculated cross sections
differ. Given the reasonably good agreement between measured atomic electron
bremsstrahlung cross sections (32) for similiar electron energies and Z values
and our Bethe-Heitler-Elwert calculations, it is unlikely that the origin of
the disagreement between the PB calculations and experiment lies in the
electron bremsstrahlung cross sections. It should be emphasized, however,
that electron bremsstrahlung cross sections have never been measured on
nearly bare, high-Z ions, but all Dirac-many-electron bremsstrahlung cross-
section comparisons suggest that little difference should exist. The
discrepancy may indicate a failure of the impulse approximation to describe
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electron bremsstrahlung for incident projectiles on bound target electrons,
but the good agreement between experiment and REC cross sections calculated
with the same theory limits the options one has for modifying the impulse
approximation. Possibly, high-Z projectiles polarize the target atoms to such
an extent that the density of target electrons increases near the projectile
nucleus, but this should also affect the PB and REC cross sections equally.
Wake or bound electrons traveling with the projectile bombard target nuclei
giving bremsstrahlung up to the PB endpoint, but given the lower
bremsstrahlung cross sections on target nuclei like Be, it is unlikely that
that wake electron-bremsstrahlung can compete with target-electron-projectile
nucleus bremsstrahlung.

6. CONCLUSIONS

In conclusion, we would like to emphasize areas requiring further study.
The Glauber theory of ionization adequately explains projectile ionization
cross sections at large perturbing charge, but the measured points are about
25% higher than the Glauber calculations at small Zt. This may be due to the
dominance of polarization effects at low-Zt or due to target electron
antiscreening effects. The development of a theory of target screening
incorporating threshold effects on the electron ionization contribution is
important.

Radiative electron capture cross sections can be calculated accurately
using photoelectric cross sections, and NRC cross sections can be calculated
with the eikonal approximation (11). The calculated NRC cross sections still
differ by up to a factor of two from experiment in some cases.

The disagreement between calculations of PB and continuum x-ray
measurements in Xe+Be and U+Be collisions is a mystery which we have not
resolved. Experimentally, it is desirable to determine whether this
discrepancy is a projectile Z-dependent or velocity-dependent effect. The
present measurements with Xe ions and higher-energy, higher-Z U ones can not
decide this. We plan further studies with U ions at different energies in the
near future.
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The recently developed eikonal theory for electron capture by relativistic

projectiles is briefly reviewed. Special attention is given to the proper
choice of the post or prior version of the theory for transitions between
arbitrary principal shells and to a simple analytical formula for Is-ls
transitions. The results from eikonal calculations including contributions

from higher principal shells are in good agreement with experimental data.

[. INTRODUCTION

The recent emergence of experimental data (1,2) for electron capture at
relativistic projectile velocities requires an extension of capture theory to

the relativistic regime. Previous work on relativistic capture (3-5) has been
confined to the Oppenseimer-Brinkman-Kramers (OBK) (3,4) and the second Born
(5) approximation. The failure of these theories to account for the experi-
mental cross sections suggests that a multiple-scattering capture theory is
needed to explain the data in the range of 100-1000 MeV/amu projectile
energy. We have developed a relativistic eikonal theory (6,7) which in its
prior (post) form treats the electron-projectile (electron-target) interaction
in first order while the electron-target (electron-projectile) interaction is

treated in all orders of perturbation theory, albeit in an approximate way.
The conceptual basis of the approach has been dicussed in some detail (8,9),
and it has been shown that, physically, the prior (post) version of the theory
describes a hard collision of the electron with the projectile (target) nu-

cleus followed (preceded) by multiple soft collisions with the target (pro-
jectile) nucleus. The nonrelativistic eikonal approximat.ion renders good
agreement with experimental data for total (10) and differential (11) cross

sections close to the forward direction.

2. OUTLINE OF THE THEORY

For a bare projectile (charge Zp) impinging on a one-electron target
(charge ZT ) with velocity v, the impact parameter dependent amplitude in the
prior form can be written (6), using atomic units, as

tPermanent address: ereich Kern- und Strahlenphysik, Hahn-Meitner-Institut

f~r Kernforschung Berlin, and Fachbereich Physik, Freie Universitat Berlin,
D-1000 Berlin 39, West Germany.
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z

Afij ifdtfd3r[44(?,t')J t S E- i( Tt (1)

where primed (unprimed) quantities refer to the projectile (target) rest sys-

tems. The spinor transform S, represented by a 4x4 matrix, transforms a

spinor q from the target frame to the projectile frame. Within the prior form

of the eikonal approximation the initial and final wave functions are

-i i(PT~
e  i i t

and

-- (t)eiEft'exp (-iZ dt') , (2)

t rT

where 0i and of are relativistic target and projectile eigenfunctions and Ei
and Ef the corresponding eigenenergies including the electron rest mass. The
final-state wave function contains a phase distortion caused by the electron-

target interaction integrated from the time of capture to infinity. The

associated target charge is denoted by ZI so that, by letting ZI=O in Eq.(2),

one may retrieve the OBK approximation (3,4).
From Eq.(I) one derives the cross section per electron averaged over the

initial and summed over the final angular momentum projections as (6)

2fi = j l z2fTr{S PgS Ph)d'pb (3)
Y

where TI.1v, yf(I-v2/c2) /2and the integration extends over the transverse
momentum pb . The integrand is expressed as the trace of four 4x4 matrices
that are built from simple 2x2 Pauli matrices. The density matrices P and Ph

characterize final and initial states, respectively. The density matrix

formulation introduced in Ref.(6) renders it unnecessary to separately calcu-
late (currently unobservable) non-spin-flip and spin-flip transitions (3-5)

and thus greatly facilitates the calculations. At the same time, target and
projectile properties factor in a simple way, so that the Pg and Ph matrices
can be easily specified (6) for arbitrary initial and final states.

Explicit calculations have been performed (7,2) for initial K,L,M shells

and final shells up to n-O. It turned out (2) that only the K-shell had to
be treated relativistically, whereas for higher shells nonrelativistic elec-

tron motion yields sufficiently accurate results.

3. THE POST AND THE PRIOR FORM OF THE THEORY

The formulation in Eqs.(I)-(3) has been based on the prior form of the
theory, the post form being simply obtained by interchanging target and pro-
jectile, i.e. ZP ZT, ZT*Zp, Z14Zp-Zp and initial and final states. In an asy-

mmetric theory like the eikonal approximation, one has to treat the stronger
one of the two electron-nucleus interactions non-perturbatively and the weaker
one in first order. Therefore, if ZF<ZT one uses the prior form, and the post

form is used in the opposite case. However, while this prescription is indis-

putable for transitions between equal principal shells, one has to take into

consideration the weighting of the Coulomb wave functions at different elec-
tron-nucleus separations if the initial and final principal quantum numbers nT



Relativistic Eikonal Theory of Electron Capture 259

and np are different. Since the expectation value of the Coulomb potential is
equal to <Z/r> n - (Z/n)

2 
irrespective of the subshell, the effective strength

of the potential should be measured by Z/n rather than by Z. This leads to
the prescription (2):

if Zp/np < ZT/nT, then use the prior form,

if ZT/nT < Zp/np, then use the post form. (4)

This rule may entail different choices for different combinations of initial
and final states in the same collision system. It is presumably due to this
rule together with the dominance of capture into higher pro ectile shells,
that for nonrelativistic reactions AZ+ + li(s) - H+ + Xn A( -I)+(n) the prior
and not the post form of the eikonal theory (10) gives total cross sections in

good agreement with experiment for Z=1,2,3.

4. A SIMPLE ANALYTICAL FORMULA AND ITS APPLICATION

For the special case of relativistic Is-Is transitions a simple closed for-
mula has been derived (6) from Eq.(3) using an aZ expansion (ffii/137.036 is
the fine-structure constant) of the electronic energies and wave functions.
With 6[(y-l)/(y+1)/2and p_=(Ef/Y-Ei) the formula can be written as

28tz5 z5 -T~a 1_

eik 28 T  y +I r ZT -2-T/tan
- (P-ZT)

aIs-is 5v
2
(z 2 + p 2 e2 [Seik 

+ 
Smg + Sorb)

Tik 5 2 2 - 2 '2

ZT

64 5 2IZ' 1 62 2 '2 + T
2

Smag 1662+ 8 y+l ZT  
+

4 KT + 6 4
2

Z  
(5)

Sorb = 6a(Zp+ZT) - 36 3
(Zp+ ZT) - 56 Zr ( - - 52)

5 Z ZT 5 ZT _ 51 6&-T ,,a(Zp + ZT 2p
T T-- P ZT 28- yv+1 z%- 228 - 1 -

In connection with the approximate result Eq.(5) we wish to point out a number
of observations: (a) If we ignore the eikonal phase distortion and put Z=O,
we retrieve the approximate relativistic OBK (3,4) result (summed over non-
spin-flip and spin-flip contributions). (b) In the nonrelativistic limit
(y-1, 8+0), we recover the exact nonrelativistic eikonal cross section. (c)
The term Smag does not depend on the binding nuclear charges and hence is
interpreted as a magnetic contribution to capture mediated by the interaction
between the relativistically induced magnetic field and the Dirac magnetic
moment of the electron. (d) Sorb is composed of terms that explicitly include
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FIGURE I
Cross sections for electron capture from a hydrogenic Dirac Is orbital of a
target with nuclear charge Z.T into a hydrogenic Dirac Is orbital of a pro-

jectile with nuclear charge Zp =10. On the upper edge of the figure the rela-

tivistic parameter y is also shown. Each curve starts at projectile

velocities that are about twice the K-shell electron velocity in the target.

aZp or IZT and hence is interpreted as a correction arising from a rela-

tivistic modification of the electron orbitals.

A comparison with the results of an exact numerical evaluation of Eq.(3)

shows that Eq.(5) is very accurate at not too large ZFp T (7). As has been

observed for the OBK and second Born approximation (3-5k, the cross section

given by Eq.(3) or (5) has an asymptotic energy dependence as E
- 1

. This

behavior is shown in figure I which reveals that after a steeT E
- 6 

fall-off

the cross-section curves start to decline less rapidly (as E
- 

) around y = 6

to 10. Compared to the OBK cross section (4) the eikonal cross section is,

however, reduced (6,7) by a factor of 5 to 15. It is a factor of this order

that is needed to bring theory into agreement with experimental data.

Equation (5) may also be used as an approximation (2) to obtain prior cross

sections (averaged over initial and final orbital states) for higher initial

or final principal shells by replacing ZP with Z/np and ZT with ZT/nT. In

the post form, the role of target and projectile and of initial and final

state is interchanged. This scaling rule (2) can be partially justified (2)

by the observation that, nonrelativistically, (a) the first and second-order

terms of the transition amplitude rigorously scale with Zp/np and ZT/nT, and

(b) for high velocity only these single and double scattering terms contribute

to the nonrelativistic eikonal cross section (9). In fact, numerical applica-

tion of the scaled version of Eq.(5) to initial and final K,L,M shells shows
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FIGURE 2

Total (nonradiative plus radiative) capture cross sections (2) for Xe54+ and

Xe
52+ 

impinging on various targets (My denotes mylar foils). Solid lines

represent eikonal calculations using the Z/n criterion Eq.(4), dashed lines

are based on the conventional Z criterion for selecting between the post and

prior form; see text. For low-Z targets such as Be and mylar, the radiative

electron capture (dash-dot lines) is dominant.

(2) that one may get total cross sections that are in surprisingly good agree-

ment with a large body of experimental data.

5. RESULTS AND DISCUSSION

The exact eikonal cross section, Eq.(3), has been worked out and applied

(2) to a number of target and projectile combinations for which capture cross

sections have recently been measured (2) at the BEVALAC in Berkeley. It was

found that for low-Z projectiles with energies of about 100 MeV/amu, K-K

transitions give the main contribution to the total cross section (although

K-L, L-K is not negligible), but that for high-Z ions of comparatively low

energy (100-200 MeV/amu), the contributions of initial and final K,L,M shells
are all of comparable magnitude. Since for the eikonal approximation to be

valid, the projectile velocity has to be somewhat (in principle: much) larger

than the electron velocity in the relevant shell, the dominance of higher
shells at lower projectile velocities renders the approximation applicable to

the calculation of total cross sections in a range where, for K-K transitions

alone, the criterion is no longer fulfilled.
Figure 2 displays a comparison between measured and calculated (2) capture

in f 52+ and 54+cross sections for n e projectiles. The difterence between the
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two sets of curves can be ascribed to capture into Is states. It is seen that

tn most cases the Z/n criterion of Eq.(4) (solid line) for choosing the post

or prior form is in better accord with the data. But, since Eq.(4) is based

on an estimate using a diagonal matrix element, the effect of the shell size

on the effective interaction strength tends to be overestimated. Therefore,

in some cases, the conventional Z criterion (dashed line) appears to yield

better agreement with the data.

It is concluded that on the whole, multiple-scattering effects approxi-

mately embodied in the relativistic eikonal approximation (6) are crucial for

obtaining good agreement with measured capture cross sections. Clearly, it is

to be expected that in order to reproduce detailed cross-section features in

the lower velocity range one will eventually need more detailed calculations,

such as coupled-channel calculations.
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ATOMIC COLLISIONS IN THE TIME-DEPENDENT HARTREE-FOCK APPROACH

K. R. Sandhya DEVI
Shell Bellaire Research Center, Houston, TX 77001, USA

J. D. GARCIA and N. H. KWONG
Physics Department, University of Arizona, Tucson, AZ 85721, USA

Application of Time-dependent Hartree-Fock approximation to atomic collisions
is reviewed. Merits and defects of the approach, progress to date and poss-
ible extension to new areas like muon capture by atoms are discussed.

1. INTRODUCTION

The study of many-body collision dynamics is of importancz both in
nuclear and atomic physics . Exchange of ideas and techniques from one
field to another can therefore prove to be very useful. Further, as
quantal systems with well 'nown interactions, atomic systems provide
testing grounds for various approximations developed for many-body
problems. Over the past few years, collisions of nuclei have been studied
extensively in the framework of time-dependent Hartree-Fock (TDHF)
approximation (1). It has been shown that this approximation gives a
good description of the inclusive aspects of the collision dynamics. It
is therefore of interest to see to what extent this method can be aoplied
to colliding atomic systems. Of particular interest is the ion-atom or
atom-atom collision. In these cases, the bulk of the mean field arises from
the electron-nucleus interaction. The Hartree-Fock or the mean field
approximation to electron-electron interactions can therefore be expected
to be a good apprc-imation - the truncation effects arising from the residual
correlations beinS lurbative. Several groups have now been actively engaged
in studying atomic u.llisions in the TDHF approximation (2-5). Extension of
the method to new areas like muon capture by atoms is also currently being
explored (6).

Large amplitude changes from equilibrium and rapidly varying couplings
during atomic collisions pose a number of problems in a theoretical
treatment of the dynamics. Traditional basis expansion methods, when
extended to study collision phenomena, have to face a number of problems
like 1) appropriate choice of basis 2) proper handling of translational
factors arising from the nuclear motion 3) inclusion of intermediate continuum
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states. An alternative approach which bypasses these difficulties is the
direct integration of dynamical equations on a space-time mesh. Pioneering
calculations in this regard were carried out by Maruhn-Rezwani et.al. (4),for
one electron system (p+H), using finite difference techniques and by Bottcher (5)
with finite element techniques. With the present day computational capabilities
extension of direct integration technique to many electron colliding systems
appears feasible in the TDHF approximation (2-3).

2. THEORY

For the range of colliding energies of interest, an impact parameter
treatment would be assumed adequate. The nuclear positions are determined
by a Coulomb trajectory corresponding to the motion of two point charges.
With this decoupling of nuclear motion, the evolution of the many electron
system is governed by the Schroedinger equation

HT(rI,r2 ,---,R,t) = in; . (1)

H is the total many electron Hamiltonian and R is the relative nuclear coordinate.
In the TOHF approximation, the many-body wave function is approximated by a
variational solution determined by the least action principle

6f dt{<1FJH - iha/atJY>} 
= 
0 (2)

with the constraint

= det( X ) (3)

at all t. This variation results in a set of non-linear, time dependent,
single particle equations

HO X = ih x  (4)

where,

Y4 =
6
oo 6(r-r') {-(h

2
/2m) V

2

+ Zle
2
/Ir-RiI +Z2 e

2
/Ir-R 2 1

+ e
2
fdr" p(r,r")/Ir-r,, }

+ exchange terms . (5)

Here p is the one-body density given by

0= I 4A*X (6)

and o is the spin coordinate. RI and R2 are the target and projectile nuclear
coordinates respectively.

Since the nuclear motion is decoupled from the electronic motion, the
most appropriate coordinate system to work with is the cylindrical coordinate
system with the z-axis along the inter-nuclear axis. However, for non-zero
impact parameter collisions, effects arising from the rotation of the nuclear
axis have to be considered. In this rotating coordinate system, the single
particle wave function can be written as
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ox = I ¢Xm(P ,z)
e im ¢ •  (7)

For incident velocities less than the characteristic velocities of
the electrons in the atom, the electrons have time to follow nuclear
motion. Therefore an axial symmetry about the inter-nuclear axis can be
assumed. This simplifies the computational efforts considerably, since only
one term in the expansion in eqn. 7 need to be considered. As the velocity
increases, however, the axial symmetry assumption breaks down due to the
inability of the electrons to follow the nuclei. More and more terms have
therefore to be taken into account in the expansion.

3. RESULTS AND DISCUSSIONS

One of the advantages of solving the dynamical equations on a space-time
mesh is that one can take snap shots of single particle density distributions
(representative of the most probable process at any instant for a given set
of initial conditions) at various times as the collision proceeds. Fig. I
shows these snap shots for He

++ 
+ He collision at 30 KeV. This energy

corresponds to a velocity much smaller than the characteristic velocity of
the electrons in He atom. Note the molecular type orbital formation at close
distances. A measure of assymetry about the inter-nuclear axis is the contribution
to the norm of the single particle orbital, from m=mXt I components in eqn. 7.
This quantity, which is also a measure of the population of 

2
plTu orbital

through rotational coupling to 
2
pou orbital, reaches a maximum of 12% at

closest distance of approach and falls off to 3% asymptotically. Fig. 2 shows
the density evolution for a high energy collision (250 KeV). Note the development
of considerable assymetry as the ion and atom approach each other. Very little
charge is transfered due to the inability of the electron to follow nuclear
motion. Imposing axial symmetry can therefore result in large spurious charge
transfer probabilities.

Final transition amplitudes can be obtained by projecting the TDHF state
on to a final single determinatital state. The cross sections are obtained by
integrating the corresponding transition probabilities over all impact parameters.
In general, construction of final channel wave functions for many-body collisions
is extremely complicated. However, if the final states are assumed to be single
determinantal atomic states with proper traslation factors, the transition
probabilities involve only single particle overlaps which can easily be
calcuted (3).

At this stage, however, it should be noted that the truncation of a full
many-body Hamiltonian to an effective one-body, non-linear Hamiltonian in the
TDHF aprroximation introduces spurious fluctuations in the transition amplitudes
which persist even asymptotically (7). Since correlation effects are expecte
to be small for ion-atom collisions, these fluctuations can also be expected
to be small. Therefore meaningful cross sections can be extracted for dominant
processes for a give energy or for inclusive processes like total singledouble
charge exchange. This is borne out by numerical calculations as well (3). There

exists a rigorous formulation of one-body approximation to a many-body S-matrix
wherein these fluctuations are exactly removed (8). This formulation involves
suitable averaging over many forward and backward going TDHF trajectories. As
expected, numerical calculations for p + He collisions indicate that, the
the inclusive probabilities obtained from the S-matrix formulation differ from

those obtained from TDHF calculations by only about 6% (9).

Inclusive single and double charge transfer probabilities as functions of
impact parameter are shown in Fig. 3 for He

++ 
+ He collision at 30 KeV. The

oscillations which arise from the interference of many channels available for
electrons during collision, have long been predicted by Lichten (10) in a
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single particle, adiabatic, molecular orbital formulation of the problem. This
model also predicts that the number of oscillations in single charge transfer
probability is twice those in double charge transfer probability. This is borne
out in the present calculations as well. Note that the peaks are shifted when
rotation coupling is included. This can be understood in terms of molecular
single particle model as due to the removal of degeneracy between 2pru
and 2pou levels by Coriolis coupling. This splitting changes the difference
Eou- Eog by hw ( w is the angular velocity of rotation ), introducing
a shift in the peaks of charge transfer probability curves.

Total double charge transfer cross sections from TDHF calculations are
shown in Fig. 4 and compared with the experimental data (11). Results of
molecular orbital calculations of Harel and Salin (12) and those from the
atomic state expansion calculations of Mukherjee et. al. (13) are also plotted for
comparison. At high energies TDHF calculations give completely spurious results
when Coriolis coupling is not included. When this coupling is included reasonable
agreement with the data are obtained over a wide range of energies.

The TDHF approximation and direct integration techniques are currently
being extended to the study of muon capture process by atoms (6). Some
preliminary results are shown in Fig. 5. These are muon and electron densities
at the beginning and around the middle of the collision for the case of muon
collision with hydrogen atom at .26 eV (cm). Initially muon is represented by
a wave packet. As the evolution continues, at the end of about 1500 time
steps (time required for a free muon to traverse twice the initial seperation
distance), the r.m.s radius of muon decreases from 1.44 A to 1.26 A where
as that of electron increases from .92 A tO 1.70 A indicating the electron
is being ionised due to the shielding of proton by muon. Integration of muon
density around the proton within a radius of about 2 A yields a rough value
of .8 for capture probabilty at this energy.

4. CONCLUSIONS

Summarizing, the studies to date indicate that the TDHF aprroximation gives
a reasonably accurate description of dominant collision processes in atomic
collisions over a wide energy range. Extensions to areas like muon capture
are currently being explored both in terms of feasibility and accuracy. The
method is best suited for determining inclusive probabilities. Non-diminant
collision processes, however, may not be represented very accurately due to
the effects of spurious fluctuations arising from the truncation of the
Hamiltonian. More studies are needed in this regard. Another disadvantage is
the total absence of certain channels in the time evolved wave function due
to the single determinant restriction. An example of this is the triplet state
of He. Initially electrons are started off in a singlet state (ground state
of He). This symmetry is frozen in at all times since there is no term in
the TDHF Hamiltonian that breaks this symmetry. Extension of the TDHF
approximation to include linear combination of determinants have to be
considered in this regard.

This work is supported in part by National Science Foundation (PHY-8406194).
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INNER-SHELL EXCITATION IN SLOW ION-ATOM COLLISIONS

1lwe WILLE

Rereich Kern- und Strahlenphysik, Hahn-Meitner-Institut fur Kernforschunq
Berlin, and Fachbereich Physik, Freie lfniversit~t Berlin, Postfach 3qO12R,
D-100 Berlin 39, West Germany

Recent prooress in the field of inner-shell excitation in slow ion-atom

collisions is reviewed. The theoretical description of inner-shell exci-
tation in terms of the molecular-orbital model is summarized. Experimen-
tal results as well as the results of theoretical studies which aim at
unravellinq the excitation mechanisms are surveyed. Particular emphasis

is olaced on the mechanisms of L-shell and M-shell vacancy production.

1. INTRODJCTION

The field of inner-shell excitation in slow ion-atom collisions, i.e., col-
lisions characterized by impact velocities much smaller than the orbital ve-
locities of inner-shell electrons, has evolved in the past two decades into one
of the most aLive areas of research in atomic-collision physics. The incentive
to study inner-shell processes in slow collisions has arisen mainly from the
intuitively attractive idea [1-4] that such collisions may proceed via the for-
,ation of a di-atomic, nuasimolecular collision complex. The picture of a tran-
sient quasinolecule implies the assumotion that electronic transitions between

indivilial quasimolecular states are the basic excitation mechanisms in slow
ion-atom collisions. Since the motion of inner-shell electrons in the collision
complex is larmely determined by the nuclear Coulomb fields, the auasimolecular
states are expected to be well described by an independent-electron molecular-
orbital (MO) approximation 13,41. The identification of individual MN transi-
tions in the transient auasimolecule constitutes the ultimate Goal of inner-
shell studies in slow ion-atom collisions.

The development of the field until about 1q75 was characterized by a rapid
accumulation of experimental data from (differential) inelastic-enerov-loss
measurements [51 and from spectroscopic (x-ray and AuGer-electron) measurements
[5-Rj. The spectroscopic investiQations of inner-shell excitation in slow ion-

atom collisions were mainly concerned with total cross sections for K-shell
vacancy production [7], and only a few studies of the impact parameter depen-
dence of inner-shell vacancy production based on ion-x-ray and ion-Auqer-elec-
tron coincidence measurements were reported [R]. These early experimental in-
vestiqations were accompanied by the first successful attempts [9,101 to quan-
titatively interpret the data in terms of the MO model of atomic collisions. An
important result of these analyses was the disclosure of 2pn-2po MO transitions
induced by the rapid rotation of the internuclear axis at small distances of

the collision partners as the principal mechanism of K-shell vacancy production
in collision systems involving first-row ions and atoms.

The past decade has witnessed a tremendous expansion of the field with re-

spect to the number and the deqree of sophistication of experimental and theo-
retical studies. Much interest has been devoted to the investiqation of heavy
collision systems, in particular of systems for which the sum of the charqe
numbers of the collision partners exceeds the charQe number of the heaviest
known element ("superheavy nuasimolecules"). The extension to heavier systems
has led in a natural way to systematic studies of vacancy production in the
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L-shell and in higher shells. In many of these investigations, detailed infor-
mation on the excitation mechanisms has been derived by determininq the impact
parameter dependence of inner-shell vacancy production from ion-x-ray or ion-
Auqer-electron coincidence measurements. The availability of beams of slow ions
in well-defined, high charge states has enabled one to study the dependence of
inner-shell vacancy production on projectile charge state. In addition to the
information gained from the spectroscopy of characteristic x-rays and Auqer
electrons, insight into the mechanisms of inner-shell vacancy production in
slow ion-atom collisions has been obtained from the study of continuum x-ray
and Auqer-electron emission ("quasimulecular x-rays", "quasimolecular Auger
electrons"). On the theoretical side, particular attention has been paid to the
construction of quasimolecular sinqle-electron potentials suitable for dynami-
cal MO calculations.

In the present report, a survey will be given of recent progress in the
field of inner-shell excitation in slow ion-atom collisions. After summarizing
the MO description of inner-shell excitation, we compile and discuss recent ex-
perimental results ?s well as the results of theoretical analyses which, in one
way or the other, have contributed to the understanding of the basic excitation
mechanisms. Particular emphasis will be Placed on L-shell and M-shell vacancy
production. K-shell vacancy Production has been reviewed at the 14R1 ICPEAC
conference 11l], and selected new results in this subfield will be presented in
another review at this conference [12]. No consideration will be Qiven in this
report to studies of continuum x-ray and Auqer-electron emission and of super-
heavy systems. Specific aspects of these topics will be surveyed in reviews
presented elsewhere at this conference [12,13].

2. MOLECULAR-ORBITAL DESCRIPTION OF INNER-SHELL EXCITATION

We begin with a summary and discussion of the theoretical description o'
inner-shell excitation in terms of the MO model of atomic collisions. We assume
throughout the validity of a classical description of the internuclear motion
in the collision system ("impact parameter method") [10]. Accordingly, we have
to deal with an explicitly time-dependent ouantum-mechanical problem for the
electronic motion in the collision complex. Further, we consider the many-elec-
tron scatterino problem in the one-hole approximation, which corresponds to
describinq inner-shell vacancy production in terms of the "migration" of vacan-
cies initially present at the Fermi surface of the collision complex down to
inner-shell W) deeply embcdded in the Fermi sea. Cross sections calculated in
the one-hole approximation must be interpreted as inclusive cross sections for
vacancy production, i.e., cross sections for vacancy production in a specific
atomic shell reqardlesss of the final state of excitation of the other shells
[14-16]. Experimental cross sections for inner-shell vacancy production are
usually inclusive cross sections which comprise contrilt-'ions from many final
configurations carrying a vacancy in the inner shell under consideration.

In the one-hole approximation, the time-dependent scattering wavefunction
describino the "active" vacancy is expanded as

K;t) a k a(t) k(r;R(t)) I

k=1

where the functions k(r;R(t)) are basis functions depending parametrically on
the time-dependent internuclear vector (t), and the position vector r is
referred to a space-fixed frame of coordinates (spin degrees of freedom are
suppressed throughout). In terms of MO wavefunctions ~(*';R(t)) referred to
body-fixed (molecular) coordinates r', the functions Ck may be expressed [10]
as
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(r;R(t),G(t)) r k(;R(t))

= exp{-i 0(t) 1 y' lk(+r;R(t)) (2)

where 1 is the electronic anoular momentum perpendicular to the scatterinq

plane (jaken as the x-z plane) and 0(t) denotes the anqle between z-axis and

internuclear 'ine. ;f inserted into the Schrbdinqer eauation (atomic units are

used throughout)

{h(t) - i - (+t;t) = 0 (3)6t

the expansion (1) leads to the system of coupled equations

i M d (4)

for the expansion coefficients ak comprisinq the column vector 4. The matrix
N is the overlap matrix with elements Nkk(t) = < k(t)Ik,(t)>, and the ele-
ments of the couplino matrix M are qiven bv

M k =t < k(t) jh(t) - i a Nk,(t)> N£

The (static) single-electron Hamiltonian h(t) is assumed to have the form

h(t) _ 1 2 + veff( ;i(t)) (6)
2

where the effective, guasimolecular potential veff includes the interaction
with the nuclear charqes as well as screeninq corrections reflecting the pres-
ence of more than one electron in the collision complex. InsertinQ the repre-
sentation (2) for the basis functions k into eq. (5) and recoqnizinq that the
time derivative /at is to he performed with the space-fixed coordinates r kept
fixed, one may decompose the couplinq matrix M as

M = M
p
ot + Mdyn (7)

with the matrix elements of the potential-couplinq part Mpot qiven by

MPOt-t(P
kk ,( ) <Tk(t)Ih(t)I' k ,{t)> (R)

and those of the dynamic-cnupling part Mldvn given by

Mdvn(t) = Mrad M rot (q)kkt Mk kt + kk,( )

where

'kk(t) = -i <Tk
(
th 6i Ck (t) > (10)

and
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k k (t ) = -o <V k t ) 1l y 1 k (t )> ( 1

ire the matrix elements of radial and rotational (Coriolis) couplinq, respec-
tively.

The actual solution of system (4) requires three questions to be decided
which have been the subject of substantial controversy in the past:

(i) What is the appropriate choice for the effective potential veff?
(ii) What is the optimum choice for the basis functions tki
(iii) In which way are the functions $k to be modified in order that the total

wavwfunction p(r;t) fulfils correct scatterino boundary conditions at
t = ± -

Reqardino question (i), the most sophisticated choice for the effective
potential v

e
f is certainly civen by the self-consistent (two-center" -rtree-

Fock (HF) potential. The difficulties arisinq in the solution of the HF problem
at arbitrary, fixed internuclear distance R dre essentially those encountered

by quantum chemists when solvinQ the (di-atomic) molecular-sxructure problen at
a qiven equilibrium distance. The necessity in scatterino calculations to ob-
tain HF solutions for a large number of R-values, however, makes self-con-
sistent calculations of vef a laborious and expensive task. Nevertheless HF
calculations have been performed for a variety of ouasinolecular systems IP],
in recent years particularly also in a relativistic franswork L17 ] . The proper-
tie- of the HF potentials form the standard to which the properties of other
effective potentials are to be compared.

Effective quasimolecular potentials simpler than the HF o.tential can be
calculated numerically within the framework of Thomas-Fer-i (-F) theory [18,1'j
or can be constructed, in a completelv analytic manner, fro, analytic atomic
potentials [?0-22j. The latter method of constructino the ouas~mnlecular
sinqie-electron potential, which is referred to as the variable-screeninq model
(VSM), employs a smooth interpolation of the atomic screenino narareters be-
tween the united-atom and the separated-atom limits. The comoutino time re-
ouired to obtain the eneries and wajefunctions of the VSM Hamiltoniar at fixed
R is much loss than the time snent for the solution of the correspondino HF
Problem, in particular for heavy collision systems involvino a laroe number of
electrons. Comparisons of the HF, TF and VFM enermies and wavefunctions for
truly inner-shell MO have shown that the different methods oive res-lts which
aqree within the accuracy required for dynamical Mn calculations. >.ris explains
why in recent years mainly the VSM as by far the simplest method has he-n ap-
plied in such calculations.

When selectinq the basis functions Ik (or fk) used in the expansion of -he

total scatterino wavefunction for a particuiar excitation prncess (ouestior
(ii) above), one may optimize these functions in such a way tnat the effort
spent in their construction and in the computation of couplina matrix elemee s
becomes minimum and/or that the number of functions to be used in the expansion
becomes as small as possible. The most straiqhtforward choice for the orbitals
k, which, however, does not necessarily meet one of the latter criteria, is

that of adiabatic orbitals kad, i.e., orbitals whuh exactly (iaoonaize t e
Hamilton n5-T TF at fixed R:k

ad ad ad
h(R) k = Ek (R) 'k (1?)

~ad
The orbitals jk form an orthonnnal set and didqonalize the potential couplino
matrix MPOt. After a trivial phase transformation, th' coupled system (4)

reduces in the adiabatic 'b)asis to

i M dyn a (1 3
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with Mdyn given by eqs. (9) to (11).
The search for optimum basis sets in MO calculations has led to the con-

struction of diabatic orbitals which depart from the strictly adiabatic MO. The

objective in fining diabatic MO is [23,24] that these orbitals should diaqo-

nalize, at least partly, the dynamic-couplinq matrix dyn. The elaboration of
this concept has met, however, with considerable conceptual and practical dif-

ficulties [25]. Most interesting among the different approaches to construct

diahatic MO appears to be the so-called "dynamical-state representation" [26j

in which the rotational-couplinq part of dyn is diaaonalized alono with the

potential coupling M PO. It must be realized, however, that the dynamical-state
basis depends on both impact parameter and collision velocity. In general, it
appears that the notion of diabatic MO is most useful in the context of a qua-
litative discussion of inner-shell excitation, in which "diabatic correlat-ions"
" -f-T-]are constructed to connect the seoarated-atom and united-atom orhitals

of a collision system. In recent years, MO calculations using the coupled-state

aporoach have been oerformed almost exclusively in the adiabatic basis.
Adiabatic MO (or any diabatic MO which merge in the adiabatic MO at large

internuclear distances), if used in the expansion of the total scattering wave-
function ( (r;tl, fail to properly take into account the translational motion

along with one or the other nucleus, which the electron (or vacancy) xperien-
ces at laroe internuclear distances. Accordingly, the wavefunction d(r;t) does
not fulfil the correct scatterinq boundary conditions at t = ± - (we assume the
time-zero to correspond to the minimum internuclear distance reached during the
collision). It was realized early [30] that the latter deficiency of the adia-
batic basis can be removed (question (iii) above) by multiplying the adiabatic
MO by plane-wave factors ("translational factors") corresponding to the elec-
tronic translational motion at R = . With decreasinq internuclear distance,
the modified MO basis including the asymptotic plane-wave factors becomes pro-
qressively inadequate since the electrons tend to increasinqly "forqet" to
which nucleus they had been attached at large distances. In the united-atom
limit no net translational motion should be left in the electronic basis func-
tions. This aspect can be taken into account by introducing [31] into the

plane-wave translational factors a "switching function" which smoothly interpo-
lates between zero translational velocity in the united-atom limit and the
full, asymptotic velocity at infinite internuclear distances. While many at-
tempts have been made towards ab initio calculations of the switching function
[25J, it appears that in actual M calculations on inner-shell excitation one
must rely on phenomenological (parametrized) forms for this function. Usually,
present-day calculations employ a common translational factor for all MO under
consideration, thereby Dreserving the orthoqonality of the adiabttis basis. It
should be noted that the primary auasimolecular processes leading to inner-
shell vacancy Production essentially take place at fairly small internuclear

distances (see below) and that, accordingly, their description is expected to
he largely independent of the particular form chosen for the switchinq func-
tion. Only specific MO transitions at larqe internuclear distances, which de-

cide whether an electron or vacancy eventually ends up in one or the other col-
lision partner (and which therefore are associated with large momentum trans-
fers), will be sensitive to the specific choice of translational factors.

In order to visualize the mechanisms of inner-shell vacancy production in
slow ion-atom collisions, one usually uses MO correlation diaqrams, i.e., dia-
qrams in which the energies Ek(R) of quasimolecular orbitals k are plotted as

function of internuclear distance R. MO correlation diagrams allow those orbi-

tals to be selected which actively participate in a certain type of excitation
process and which therefore should be included in a dynamical calculation per-

taininq to this process. As an example for an MO correlation diagram, we show
in Fig. I the adiabatic diagram for the Kr-Kr collision system [32], calculated
from the variable-screeninq model.

An important feature of MO correlation diagrams, which becomes apparent from
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3n ,FIGURE I
Adiabatic MO correlation dia-

60 3d qramn for the Kr-Kr system,
___ ] calculated from the variable-

60 _ 3' screeninq model [21]. Full

0 - 4 443TL 31 (broken) curves denote "qera-
216 - -_ de" ("unqerade") orbitals.
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-_ " and 4f enerqy curves have
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batic curves by iqnorinq the
Sscreeninq qaos at close

3 - 2 avoided crossinqs. The heavy
3-2- arrow indicates the possibi-

00 - 29'T' - lity of direct 4fo ioniza-

tion. (From Ref. [32].)
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Fiq. 1, is the occurrence of enerqetically promoted MO, i.e., of MO whose bind-
inq enerqy decreases rapidly in a narrow R-ranqe when small internuclear dis-
tances R are approached. If promoted MO become near-deqenerate to unoccupied
MO, electronic transitions are likely to occur. In the diaqram of Fiq. 1, the
promoted 4fo MO (in diabatic notation) is, at small R-values, near-deQenerate
to the other MO emerqinq from the united-atom 4f shell. Vacancies initially
present in the (asymptotically empty) 4fo MO may then be transferred into the
4fo MO via 4fo-4f6-4fn-4fo rotational couplinq and eventually qive rise to Kr
L-shell vacancy production. As indicated by the heavy arrow in Fiq. 1, 4fo ex-
citation in the Kr-Kr system may be accomplished also by direct couplinq to the
continuum ("direct MO ionization") at very small internuclear distances. In
liqhter collision systems, for example in the Ar-Ar system, the 4fo MO is not
bound at R = 0, but effectively meries in the continuum at a fairly larqe,
"critical" internuclear distance Rc. In this case, it is appropriate to assume
[33] that the 4fo electrons are excited virtually with unit probability into
the continuum if the internuclear distance falls below Rc. The impact parameter
dependence of the excitation probability associated with this "promotion into
the continuum" is expected to be well approximated by a unit step function.

The analysis of correlation diaqrams like the one shown in Fia. I leads to
distinquish three types of mechanisms which may be responsible for primary va-
cancy production in the nuasimolecular collision complex:
(i) Plectron promotion into the continuum (example: 4fo promotion in Ar-Ar);
(ii) rotationally induced transitions in the vicinity of the united-atom (n,l)

shells (examples: 2po excitation via 2pn-2po rotational couplinq, 3do ex-
citation via 3d6-3dn-3do rotational couplinq, 4fo excitation via 4ff-4f-
4fn-4fo rotational couplinq);
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(iii) direct MO ionization at very small internuclear distances (examples: 2pa,
3do, 4fa ionization).

The relative importance of these mechanisms depends on the charge numbers of
the collision partners (particularly on the asymmetry of the system) and on
collision velocity and impact parameter (particularly on the minimum internu-
clear distance reached in the collision) as well as on the availability of va-

cancies in specific incoming MO. The final distribution of vacancies over the
various separated-atom shells is not only decided by the primary vacancy pro-

duction processes at small internuclear distances, but also by "vacancy sharinq
processes" at large distances on the outooinq branch of the collision, which
are mainly effected by radial couplings. An example for such type of process is
provided bv 2po-Iso vacancy sharinq in slightly asymmetric collision systems.

The theoretical treatment of rotationally induced excitation as well as of
vacancy sharinq processes is usually possible within coupled-state calculations

involvinq a fairly small number of rotationally or radially coupled, bound
MO. Electron promotion into the continuum involves a large number of loosely
bound MO as well as the continuum. An exvlicit coupled-state treatment of this
mechanism is prohibitively complicated, but fortunately one may resort to the
simple description in terms of the "critical" promotion distance Rc, which has
been alluded -o above. Direct MO ionization in the sense defio ed above is also
hardly accessible to a full cou pled-state solution. A first-order solution of
this problem his been obtained [34] in the strict united-atom limit. In this
limit, direct WO0 ionization can be viewed as being caused by the perturbation
of the united-atom orbital due to the "coherent" motion of projectile and tar-
qet nucleus.

A detailed qualitative survey of the mechanisis of inner-hell vacancy pro-
duction in slcw ion-atom collisions can he found in Ref. [?5].

3. K-SHELL VACANCY PRODUCTION

Recent investigations of K-shell vacancy production in slow ion-atom colli-
sions have mainly aimed at a detailed understandino of the role played in this
type of process by rotationally induced transfer of vacancies out of the 2pm
MO into the 2D0 MO at small internuclear distances. Simple theoretical consi-
derations [10,25] lead to the prediction that the impact parameter dependence

of the excitation probability associated with 2pit-2po rotational coupling exhi-
bits, at not too low collision velocity, a double-hump structure. The "kinema-
tic" maximum at small impact parameters b (correspondinq to center-of mass ion
scattering anqles OCM = 9f) is of purely geometric oriqin,2 and its shape is
determined in the sudden approximation [25] by P(GCM) = sin OCM , if one vacan-

cy is assumed to be initially present in the 2pnx MO. The "adiabatic" maximum
shows up at larger b-values, and its position and heiqht depend on the 2px-2po
enerqy splittinq A2p,_2p,(R). The b-dependence of the 2pn-2Do exritatinn nroba-
bility for an arbitrary combination of collision partners can be approximately
obtained, over the full b-ranqe, by scalinq [35] the coupled-state solution for
a particular system. If a description of the internuclear motion in terms of a
straiqht-line trajectory is employed (which usually is appropriate for b-values
in the ranqe of the adiabatic maximum), the scalinq law predicts the 2pm-2po
excitation probabilities for different collision systems and collision veloci-
ties to fall on a universal curve if the probabilities are plotted as function
of the reduced impact parameter b' = (a/vo)I/

3 
b, where a is the coefficirnt in

a quadratic approximation to the 2pm-2po energy splittinq (A2p,_2po = a R ) and
v, is the collision velocity.

In Fig. 2, the experimental K-shell vacancy production for various near-sym-
metric collisions involvinq gas targets [361 is plotted as function of the re-
duced impact parameter b'. TTe-full curve is the universal curve given by the
2pn-2oa scalino law, normalized to one incoming ?Px vacancy. The peak values



280 ; k'ille

70.2 6

/

/\

0.1 /

0.1 0.2 0.3 0.. 0.5 0.6 0.7 0.6 0.9 1.0 1. 1.2
b'=(Q/00 )'

1 3
b (au)

FIGURE 2
Impact parameter dependence of K-shell vacancy production in
near-smnmetric collisions involvinq qas tarqets. The abscis-
sa is defined in terms of the reduce-Tmpact parameter b' ex-
plained in the text. (From Ref. [36].)

of the experimental data sets have been normalized to the peak value of the
theoretical curve. The qood overall agreement between theory and experiment
suggests that the maximum seen in the data indeed reflects the adiabatic maxi-
mum of 2pn-2po rotational coupling. Notably enough, the agreement not only
holds for systems involving first-row ions and atoms, in which 2pM vacancies
are carried into the collision, but also for heavier systems in which outer-
shell interactions at an early stage of the collision are responsible for 2D;:
vacancy production. The fact that at small b'-values the experimental data are
somewhat larqer than the calculated vacancy production can he oartly ascribed
to the use of straight-line internuclear trajectories in the calculation of the
theoretical curve of Fig. 2. Ilse of curved trajectories makes the theoretical
vacancy production at small impact parameters rise towards the kinematic maxi-
mum. Closer inspection shows, however, that the data systematically tend to
stay above the theoretical vacancy production in the range between kinematic
and adiabatic maximum ("filling of the valley" [37]). Explanation, for this
fillinQ can be sought for in an inadequacy of the scaling law for 2pn-2po rota-
tional coupling and/or in a breakdown of the two-state approximation, oarticu-
larly in direct coupling of the 2po MO to the continuum. No conclusive answer
has been found, however, to this question.

The detailed shape of the kinematir maximum of 2pa-2po rotational coupling
has been explored in a number of measurements extendinq to oCM = 1800. Figure 3
shows results for the I-Aq system at 60 MeV collision energy [38] in comparison
to theoretical curves corresponding to the sudden approximation and to the
2pn-2po scaling law based on curved internuclear trajectories. Good agreement
between experiment and theory is observed. A similar agreement has been
achieved for the Ca-Ti system at 30 MeV collision energy [39].

The agreement between theory and the gas-tarqet data in Fig. 2 does not ful-
ly extend to collisions involving solid targets. Figure 4 shows solid-tarqet
data for different collision systems, plotted as function of the reduced impart
parameter h' (the normalization of the data is the same as in Fig. 2). While
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FIGURE 4
Sane as Fiq. 2, for near-simmetric collisions involvino solid

tarqets. (From Ref. [36].)

the different data sets in Fig. 4 exhibit a broad maximum, the b'-values about
which the experimental maxima are centered are rouqhly by a factor of two smal-

ler than the correspondina value for the theoretical maximum. This "shift of

the adiabatic maximum" is not understood hitherto. The basic difference between

collisions in (thin) qas tarqets and in solid targets lies in the possibility

of multiple collisions in solid tar(ets. Multiple collisions are expected to
influence K-shell vacancy production mainly in two ways. First, due to previous

collisions with tarqet atoms, the charqe state of projectile ions which underqo
K-vacancy-producinq collisions may differ from the initial charge state. In

collision systems in which the L-shells of the collision partners are initially

occupied, L-shell vacancies may be created in collisions prior to the K-vacan-

cy-producing collision and may enhance the number of 2pn vacancies available in
the latter collision. Such an enhancement possibly provides an explanation for
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the fact that the observed K-shell vacancy production [11] in (solid-tarqet)
Br-Se and Br-Rh collisions is much larqer than the vacancy production in the

(Qas-tarqet) Br-Kr system. Reqardinq the impact parameter dependence of K-shell
vacancy production, this dependence will certainly be influenced to some extent
by the mechanisms of L-shell vacancy production in previous collisions, but

there are no conclusive arquments that these mechanisms conspire in such a way

that the adiabatic maximum of 2pn-2po rotational couplinq is systematically
shifted to smaller impact parameters. Second, multiple collisions in solid tar-

qets may in principle prohibit the unambiquous assiqnment of an impact para-

meter to a specific ion scatterinq anqle because the ion may underqo, after the

close collision in which a K-vacancy has been produced, further (elastic or in-

elastic) collisions. Since, however, successive close collisions are rather un-
likely, one may expect the impact parameter dependence of K-shell vacancy pro-

duction in solid tarqets to be a well-defined concept.
Much information on the mechanisms of K-shell vacancy production in slow

ion-atom colli~ions has been qained in recent years by studyinq the dependence
of this type of process on projectile charqe state. Of particular interest is
the use of hiqhly charqed, hpavy projectiles carrying L-shell vacancie. Varia-
tion of the number of L-shell iacancies provides a test of the 2pn-2po rota-
tional-couplinq theory which predicts K-shell vacancy production to be propor-
tional to the number of projectile 2p vacancies. Studies ut K-shell vacancy
production usinq hiqhly charoed, slow ions will he discussed in detail in the
review qiven by Schuch [12] at this conference. Therefore, we confine ourselves
here to presentino two examoles which seem particularly instructive.

In Fig. 5, total cross sections for Xe K-shell vacancy production in SmQ+-Xe
collisions [40] are shown as function of projectile charqe state o. A rapid
(linear) increase of the cross section is seen to set in at a 53, i.e., when
the projectile starts to carry 2p vacancies into the collision. The analysis of
the cross section increase for o > 52 has shown [40] that the data are compa-
tible with the prediction of a relativistically corrected [41] 2pn-2po rota-
tional-coupling model. The slow increase of the Xe K-shell cross section set-
tinq in already at q = 45, i.e., when the Sm 3p shell starts to carry vacancies
into the collision, cannot be easily unoerstood because a larqe number of indi-

vidual MO transitions may contribute to vacancy transfer from the Sm M-shell
into the Xe K-shell.

Fiqure 6 displays the impact parameter dependence of K-shell vacancy produc-
tion in 3.6 MeV/nucleon Xeq+-Xe collisions [4?] for projectile charqe states
q = 43,45,47. The increase in the vacancy production with increasina q reflects
the fact that for q = 45 and 47 one and three L-shell vacancies, respectively,
are present in the projectile ion. For p = 45, the experimental data are com-
pared to theoretical curves correspondinq to non-relativistic [35] and relati-
vistic [41] 2pit-2po rotational couplinq. The relativistic calculation appears
to be in better aqreement with the data than the non-relativistic result.

The relative distribution of vacancies over the K-shells of the liqhter and
heavier partner in near-symmetric collision systems is determined by 2po-Isu

vacancy sharinq processes. Extensive studies have shown that the observed shar-
inq ratios in heavy collision systems [43] can be explained quite well in terms
of the analytic Oemkov-Meyerhof model [44]. Substantial discrepancies between
the predictions of this model and the experimental data have been found for
liqht collision systems, in particular for systems with united-atom charqe num-
ber smaller than 15. In the latter case, a better description of 2pa-lsa vacan-
cy sharing can he achieved [45] by applyinq the two-state model of Nikitin [46]
with parameter values determined from fits to realistic MO enerqy differences.

Interestinq effects have recently been disclosed in studies of "double-passaqe"
2po-lsa vacancy sharinq usinq hydroqen-like projectile ions which serve to car-
ry one 1so vacancy into the collision complex. Pertinent results will be dis-
cussed in the review presented by Schuch [12] at this conference.
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section for Xe K-shell vacancy impact parmeter dependence of
production in 3.6 MeV/nucleon K-shell vacancy production in

and 4.7 MeV/nucleon SmO+-Xe col- Xeq+-Xe collisions for different
lisions on projectile charqe charqe states q. Full (broken)
state q. Full and broken curves curve: prediction of non-relativis-
are drawn to quide the eye on- tic (relativistic) 2pn-2po rota-
ly. The vertical bars labelled tional-couplinq theory. (From Ref.
by subshell quantum numbers mark [42].)
those q-values at which the cor-

respondinq subshells start to
carry vacancies into the colli-
sion. (From Ref. [40].)

In strongly asymmetric collision systems, direct Iso ionization may prevail
as the dominant mechanism of K-shell vacancy production in the heavier part-

ner. The study of Iso vacancy production is of particular relevance in very
heavy collision systems leadinq to the formation of superheavy quasimolecules.

We shall not qo into details here because these matters will be discussed in

another review at this conference [13].
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4. L-SHELL VACANCY PRODUCTION

The process of L-shell vacancy production in slow ion-atom collisions has
been of basic importance in the conceptual development of the MO model of
atomic collisions [3]. However, systematic investiqations explorinq the details
of the quasimolecular mechanisms of L-shell vacancy production have been under-
taken only in the past few years. In the followinq, we describe the proqress
made in this subfield by first considerinq liqht collision systems includinq
the prototype system Ar-Ar as well as near-symmetric systems involvinq arqon
as one of the collision partners. Subsequently, heavy collision systems will be
discussed, with particular consideration of the prototype case Kr-Kr.

4.1. Liqht collision systems

Experiments relevant to L-shell vacancy production in Ar-Ar collisions were
first performed by Everhart and coworkers [47,48] and by Afrosimov et al. [49j,
who observed step-like rises in the inelastic enerqy loss as function of mini-
mum internuclear distance Ro when Ro dropped below about 0.5 and 0.2 a.u., re-
spectively. These results were linked to Ar L-shell vacancy production by Fano
and Lichten [3,4] who associated peak structures in the inelastic-energy-loss
spectra to the excitation of a definite number of Ar L-shell electrons, in ad-
dition to a certain number of M-shell excitations. More specifically, Fano and
Lichten ascribed the steep rise in the inelastic enerqy loss at Ro = 0.5 a.u.
to electron promotion alonq the diabatic 4fo MO in the quasimolecular collision
complex. The early spectroscopic measurements of total cross sections in liqht
collision systems [33,50-53] essentially confirmed 4fo promotion as the domi-
nant mechanism of L-shell vacancy production in the liqhter collision partner.

Finer details of the quasimolecular mechanisms of L-shell vacancy production
have been disclosed by performinq ion-Auger-electron and ion-x-ray coincidence
measurements. Thomson et al. [54,55], who measured ion-Auqer-electron coinci-
dences in the Ar-Ar collision system for a single proiectile scattering anqle
arid a variety of collision energies, observed a step in the Auger-electron pro-
duction when Ro dropped below about 0.2 a.u. At this position, also the inelas-
tic-enerqy-loss measurements had revealed a step-like rise. Thomson [55] as-
cribed the rise in the Ar-L Auqer-electron production to the onset of rota-
tionally induced excitation of 3dm and 3do electrons into the initially empty
3d6 MO. Schmid and Garcia [56] approximately solved the 3d6-3dn-3do rota-
tional-couplinq problem and obtained, by superimposinq the contribution of this
excitation mechanism and of 4fo promotion, satisfactory aqreement between their
calculations and the experimental data of Thomson eL al.

The impact parameter dependence of L-shell vacancy production in Ar-Ar col-
lisions at 300, 500 and 700 keV collision energy has been investiqated both ex-
perimentally and theoretically by Shanker et al. [57]. In the experimental part
of this study, Ar-L Auqer electrons were detected in coincidence with scattered
projectile ions. The theoretical analysis of the experimental data of Shanker

et al. assumed 4fo promotion and 3d6-3dn-3do rotational couplinq to be the re-
levant excitation mechanisms. The 3d6-3dix-3do rotational-couplinq problem was
numerically solved by usinq united-atom values for the couplinq matrix elements
as well as (diabatized) MO enerqies computed from the variable-screeninq model.
The number of incominq 3d6 vacancies, N3d6, was used as a fittinq parameter
whose value was determined separately at each collision enerqy by adjustinq
the total theoretical vacancy production to the experimental data in the ranqe
of impact parameters b < 0.25 a.u.

Fiqure 7 displays the results of Shanker et al. At 300 keV collision enerqy,
the experimental vacancy production at larqe impact parameters exhibits a steep
rise towards a value of two, which sets in at b = 0.5 a.u. and which obviously

corresponds to the rise seen at Ro = 0.5 a.u. in the inelastic-enerqv-loss data
and in the coincidence data of Thomson et al. For all collision enerqies, a
further rise in the measured impact parameter dependence of Ar L-shell vacancy
production sets in at b 0.25 a.u. The shapes of the experimental data are
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puite well reproduced by the theoretical results for 4fo promotion plus 3db-
3dm-3do rotational couplini, with fitted values of N3dh ranqinp between 1.5 and
2.0. The enhancement of the measured vacancy production in the ranoe b < 0.25

a. t i as thp'C" .tinn of (h4 yiaxisxi mayim". of 3d--3di-3do

rotational couplino. In the 700 keV data, some indication is found for the ap-
pearance of a Linematic maximum which, accordinp to the sudden approximation[25], is predicted to occur at an impact parameter correspondinp to eC =

A number of recent investiciations have considered the role of 3d6-3dit-3do
rotational couplinq in near-symmetric, lioht collision systems. In near-symme-tric systems, 3d excitation is expected to contribute to L-shell vacancy pro-
ductier' in thp lioh~r collision partner, while 3do excitation should qive rise

to L-shell vacancy production in the heavier ,artrer.In the study of Schneider et al. [5], total cross sections for Si-L and
Ar-L vacancy production in slow Si-Ar collisions were determined from Auer-
electron measurements and were analyzed within the framework used by Shanker et
at. [57] in their analysis of the Ar-Ar collision system. While the contribu-
tion of rotationally induced 3dm excitation to Si L-shell vacancy production
turns out to be too small tomthe 4fo contribution, rota-
tionally induced 3do excitation accounts fairly well for the cross section of

Ar L-shell vacancy production for collision enerqies up to 200 keV if a value
of two is chosen for the vacancy occupation numnber N3d6.

Shanker et al. [59] have measured and analyzed the impact parameter depen-
dence of Ar L-shell vacancy production in 200, 400 and 700 Ne-Ar collisions.
The analysis of the data in terms of rotationally induced 3do excitation showed
that the shape of the observed b-dependence aqrees with the calculated shape
only for b-values in the rane of the adiabatic maximum and beyond. Values of
about 2.5, i.e., values sliqhtly larer than in the Ar-Ar and Si-Ar cases, have
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heen determined for N3d6 by fitting the theoretical curves to the data in that
ranqe. In Li;.c small-h range, the measured vacancy oroduction is substantially
larger than the theoretical result for rotationally induced 3do excitation
(cf. the 200 keV case shown in Fin. 8). The discrepancy between experiment and
the rotational-coupling theory may be qualitatively explained by the onset of
direct ionization of the loosely hound 3da MO at small internuclear distances.
The contrihutinn of this mechanism to Ar L-shell vacancy production has been
evaluated by Shanker et al. [59] within a non-perturDative qeneralizat'"n [A01
of the united-atom ionization model of Briqqs [34]. Fiqure 8 shows theoretical
results including the contribution of direct 3do ionization for two different
choices of the effective bindinq enerqy of the united-atom 3d orbital. The
strong dependence of the ionization probability upon the latter quantity ren-
ders difficult a conclusive assessment of the results.

Hilau et al. [61] have studied the impact parameter dependence of Kr L-shell

vacancy production in Ar-Kr collisions for enprgip ranqinq between 0.97 and 10
MeV by measuring ion-x-ray coincidences. The Ar-Kr system has about the same
ratio of projectile to tarqet charqe number as has the Ne-Ar system. While,

however, the 3d6 MO in the Ne-Ar system is empty prior to the collision, in the
Ar-Kr system all MO correlating to the united-atom 3d shell are initially oc-

cupied with electrons. Hence, Kr L-shell vacancy production in Ar-Kr collisions
is expected to reflect the "dynamical" creation of vacancies in the 3d6 and 3dm
MO at an early stage of the collision. Rilau et al. have analyzed their -xperi-
mental data by solving the 3d6-3dm-3do rotational-coupling problem separately
for one incominq 3d6 vacancy and one incoming 3dn vacancy, respectively (this
procedure corresponds to assuminQ incoherent vacancy production in the latter
MO). By fitting the calculated 3da vacancy production to the experimental data,
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values of the vacancy occupation numbers N3&, and N3dn were determined sepa-
rately at each collision enerqy. While the sum N3dt + N3d rises monotonically
with increasinq collision enerqy, the ratio N3dAINid 5 decreases more or less
monotonically from a very larqe value at the lowest enermy to values consider-
ably smaller than unity at the hiahest enerqies. This tendency is hard to un-
derstand because the 3dL MO is, at larqe internuclear distances, much stronqer
bound than the 3d6 MO. Accordinqlv, excitation of 3dm electrons into empty
bound or into continuum orbitals is expected to be much less likely than exci-
tation of 3d, electrons.

4.?. Heavy collision systems

In the realm of L-shell vacancy production in heavy collision systems, the
Kr-Kr system plays a similar prototype role as does the Ar-Ar system for liqht
collision systems. While measurements of the inelastic eneroy loss in Kr-Kr
collisions did not allow specific conclusions reqardinq the mechanisms of
L-shell vacancy production to be drawn, much proclress in the understandino of
these mechanisms has been achieved recently by measurinq and analyzinq Kr-L
x-ray production,

Wofrlee et al. !6 j have measured total cross sections for Kr-L x-ray pro-
duction in Kr-Kr collisions for collision enerqies ranoinq between 0.175 and
1.6 MeV. The correspondinq vacancy production cross sections (deduced by isino
the sinnle-vacancv value for the Kr-L fluorescence yield) showed, as function
of collision enerv, a behavior similar to the cross sections for L-shell va-
cancv production in Ar-Ar collisions [33j. Therefore, Woerlee et al. assumed
4fo promotion to be the dominant excitation mechanism and extracted a value of
0.10 a,u. for the promotion distance Rc. Such a larme vilue for Pc is clearly
at variance with the calculated behavior of the 4f3 MO in the Kr-Kr svstem.
Fioure I shows that the united-atom 4f orhital has a fairly larme bindino
eneroy,
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The impact parameter dependence of L-shell vacancy production in Kr-Kr col-
lisions as well as total cross sections have been measured by Shanker et al.
!63,321 for collision enerqies ranqinq from 0.7 to 3.n MeV. The total cross
sections are considerablv smaller than those measured by Woerlee et al. [62
,n avnraQe by a factor of 2.5). The shapes of the b-depenident data of Shanker

et al. qrossly deviate from the step-functional form typical of 4fo promotion.
As an example, Fiq. 9 displays the h-dependence of Kr L-shell vacancy produc-
tion at 1.4 MeV collision enerqy. The behavior of the measured b-deoendence is
reminiscent of a developino double-hump structure. Shanker et al. have associ-
ated this behavior with 4f,3 excitation via 4fA-4fe-4fs-4fa rotational cou-
Plino. For auantitative analysis of their data, they assumed vacancies to be
initially present in the 4f MO and solved the 4fs-4f6-4fn-4fo rotational cnj-
plinq problem within a framework similar to the one employed in the solution of
the 3dS-3dn-3da problem in Ar-Ar and Ne-Ar coll'sions [57,59]. As exemplified
by Fin. 9, the shape of the measured b-dependence of Kr L-shell vacancy roduc-
tion is well reproduced by the calculations for collision enerqies up to 1.75
M!eV. For hiqher enerqies, the data at small impact parameters exhibit an en-
hancement of the vacancy production over the rotational-couplino contribution.
Theoretical estimates support the assumption that direct 4fa ionization is re-
soonsible for this enhancement. The absolute maqnitude of Kr L-shell vacancy
production as measured by Shanker et al. is somewhat underestimated by the ro-
tational-couplinq calculations even if the maximum (asymptotic) value of four
is assumed for the initial vacancy occupation number N4f0 . The theoretical re-
suits correspondini to N4f0 = 4 can be adjusted to the data by multiplyinq them

10, L ..... Kr-Kr
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FIGIRE 10
Total cross sections for L-shell vacancy production in
Kr-Kr collisions, plotted as function of the minimum
internuclear distance at zern impact parameter. Broken
curves: calculated partial cross sections correspond-
ino to the indicated number of vacancies in the incom-
ino MO; full curve: sum of partial cross sections.
(From Refs. [64,65].)
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by a "normalization factor" with averaqe value of about 1.5 (note the different
scales for experimental and theoretical results in Fiq. q, which reflect the
normalization factor). The occurrence of this factor is not yet understood.

Total cross sections for Kr L-shell vacancy production in slow Kr-Kr colli-
sions have been measured recently by Cleff et al. [64] down to collision ener-
qies as low as 90 keV. In the plateau reqion of the cross section, the values
of Cleff et al. are larqer than those of Shanker et al. [3?] by about 30%. If
plotted (cf. Fiq. 10) against the minimum internuclear distance at zero impact
parameter, ROO, the cross sections of Cleff et al. reveal a shoulder-like
structure at Roo 0.2 a.u. (or, correspondinqly, at a collision enermy of
about 140 keV). This feature points to the presence of new excitation mecha-
nisms prevailino at very low collision enerqies. Cleff et al. have analyzed
[65] their experimental results by assuming vacancy production in the 4fa MO to
Le effected not only by 4f4-4f6-4ff-4fo rotational coupling, hut also by radial
and rotational couplinas with the MO which emerqe from the separated-atom M-
and N-shells and which form real or avoided crossings with the 4fo MO at non-
zero internuclear distances (cf. the Kr-Kr correlation diaqram shown in Fiq.
1). These M0 are expected to carry with non-zero (albeit small) probability
"dynamically created" vacancies into the couplinq reaion. By performinQ
coupled-state calculations within the space of the adiabatic l'u, 

4
au, 2u,

3%u, 
4
nu, 

1
Mu and i4u MO, Cleff et al. obtained "partial" cross sections for

the different incominq MO, which are shown as broken curves in Fig. 10 (the
initial vacancy occupation numbers for the incominq MO have been used as fit
parameters; the value N4fp = 5.0 may be interpreted to include a "normalization
factor" of 1.25). The comparison between the experimental data and the calcu-
lated total cross section for 4fo excitation (full curve in Fiq. 10) suqqests
that the structure seen in the data at Roo 0 0.2 a.u. corresponds to rota-
tionally induced transfer of vacancies out of the 2nu MO into the 3ou MO (cf.
Fiq. 1).

Similar structure as in the Kr-Kr case has been observed by Cleff et al.
[64j in the threshold reqion of the L-shell cross sections in the (symmetric)
Ge-Ge, !o-Mo, In-In and Xe-Xe collision systems. The results await further ana-
lysis. Very recently, Cleff et al. have also measured [66] the impact parameter
dependence of L-shell vacancy production in Kr-Kr collisions and have found
that their results essentially confirm those of Shanker et al. [32].

FIGURE 11
z 3 Impact parameter depen-
2dence of L-shell vacancy

production in 63 MeV I-Aq

o collisions. Full circles:
a2 experimental results of

Ref. [6R]; broken curve:
estimated contribution of
4fo excitation [68]; full
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4fo contribution and of
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\"" (From Ref. [6C].)

100 1000 '0000

IMPACT PARAMETER bifm)



290 U. Wille

The impact parameter dependence of L-shell vacancy production in collisions

involving solid targets has been systematically investiqated by Presser et a
!
.

[67] for 1T to 40 MeV Ag-Aq and Aq-Cs collisions and by Morenzoni et al. [68]
for 40 and 63 MeV I-Aq collisions. One may expect that multiple-collision
effects in solid targets enhance the contributions of rotational-coupling pro-
cesses in the vicinity of the united-atom 3d and 3p shells. The analyses of
Presser et al. and Mvrenzoni et al. indeed have shown that the experimental
data at small impact parameters can be essentially explained in terms of a su-
perposition of contributions from 3d-3dn-3do and 3pn-3po rotational coupling.
By adjustina the theoretical results to the data, a value of about two was
determined for the ratio N3pn/N3d6 of the numbers of incoming vacancies in the
3piT and 3d6 MO. Figure 11 shows the experimental results of Morenzoni et al.
for 63 MeV I-Ag collisions together with a theoretical curve obtained by
superimposinq the calculated contributions of 3d6-3dm-3do and 3piz-3po rota-

tional coupling [6q] onto an estimated contribution of 4fa excitation.
Vacancy sharinq processes between MO correlating to the L-shells of the

lighter and the heavier partner, respectively, in near-symmetric, heavy colli-
sion systems have been studied by Meyerhof et al. [70]. The experimental shar-
ina ratios can he quantitatively understood in terms of the femkov-Meyerhof va-
cancy sharing model [44] if one assumes that L-L vacancy sharino takes place
predominantly between those MO whose energy separation is smallest, i.e., be-
tween the MO correlating to the L3 -subshell of the heavier partner and the
Ll-subshell of the liqhter partner. In their analysis of L-subshell cross sec-
tion, Meyerhof et al. [70] have investigated the relevance of diabatic correla-
tion rules [27,28]. They found that the correlation of the 4fo MO tends to

change from "minimum promotion" (as expressed by the Barat-Lichten correlation
rule [27J) in symmetric systems towards "maximum promotion" (as expressed by
the correlation rule of Eichler et al. [28]) in asymmetric systems.

In strongly asymmetric, heavy collision systems, vacancy sharing processes
may occur between the MO correlating to the K-shell of the lighter partner and
the L-shell of the heavier partner ("K-L level matching"). A satisfactory theo-
retical description of these processes has been achieved [71] by applying the
two-state model of Nikitin [46 1 to separately calculate the vacancy sharing be-
tween the K-shell and the LI-, L2- and L3-subshells, respectively. Meyerhof
[72] has considered the summed cross section for L-shell vacancy production in
the heavier partner and K-shell vacancy production in the lighter partner and
has found this quantity to depend mainly on the united-atom charqe number and
not so much on the individu," charge numbers of projectile ion and target
atom. This finding led Meyerhof to identify the summed cross section with the
cross section for vacancy production in the 3do MO and to analyze experimental
data within a simplified version of the united-atom ionization model of Briggs
[34].

The impact parameter dependence of inner-shell vacancy production in the re-
gion of K-L level matching has been measured by Warczak et al. [73,74] for
various collision systems. The data exhibit structure in the small b-range,
which so far is not fully understood.

5. M-SHELL VACANCY PRODUCTION

Not much information has been gained so far on the quasimolecular mechanisms

of M-shell vacancy production.
The measurements of Kessel and coworkers [75-77] on Kr-Kr, Kr-Xe and Xe-Xe

collisions have shown rises in the final charge state and in the inelastic
energy loss already at Ro-values much larger than those values at which the

L-shells of the collision partners start to interpenetrate. Antar and Kessel
[77] associate the rise seen in the Kr-Kr system at Ro = 0.75 a.u. to the onset
of M-shell vacancy production due to promotion of two Kr 3d electrons along the
diabatic 6ho MO. This assignment had been proposed earlier by Kessel and
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Fastru, [5] on the basis of measurements of Fastrup and Hermann [78], which had
revealed a triple-peak structure in the energy loss spectrum for Ro = 0.75
a.u. Further rises in the Kr-Kr data settinq in at Ro = 0.6 a.u. and Ro = 0.4
a.u. are ascribed by Antar and Kessel to promotion of 3d electrons along the
5q MO and of 3s or 3p electrons along the 5qo MO, respectively. In the asymme-
tric Kr-Xe system, Antar and Kessel observed rises in the Ro-dependence of the
final charge state and the inelastic energy loss, which may be associated with
Kr M-shell vacancy production via 6ho promotion (and presumably also via 5qn
promotion) and with Xe M-shell vacancy production via 5qa promotion.

The Xe-Xe data of Kessel and coworkers [75,76] (cf. Fiqure 12) exhibit rises
which can be attributed to M-shell vacancy production via 6ho promotion and via
5qn promotion (and possibly 5Q promotion), respectively. In addition, the maq-
nitude of the inelastic enerqy loss at large Ro-values Suqqests the occurrence
of multiple-vacancy production in the Xe N-shell (and presumably also in the Xe
O-shell). However, no analysis of the data in terms of electron promotion out
of these shells has been Possible.

Shanker et al. (79] have studied the impact parameter dependence of M-shell
vacancy production in 1.05 MeV Xe-Xe collisions by performing both ion-x-ray
and ion-Auqer-electron coincidence measurements, Figure 13 displays the b-de-
pendence of the Auger-electron production (which, in view of the very small
Xe-M fluorescence yield, directly gives the b-dependence of the vacancy produc-
tion) as well as of the x-ray production. The steep rise of the x-ray produc-
tion for b < 0.25 a.u. reflects a stronq impact parameter dependence of the
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Xe-M fluorescence yield. The full curve in Fiq. 13 qives the vacancy production
calculated by assuminq the maximum possible number of electrons to be promoted
alonq the 6ho, 5qn and 5qo MO. The promotion distances Rc were read from the
relevant MO correlation diagram 79) and the correspondinq "critical" impact
parameters bc were obtained from the Rc-values by usinq internuclear trajecto-
ries qenerated from the Moli~re potential [791. The broken curve in Fiq. 13
qives the calculated contribution of rotational-couplinq processes in the
vicinity of the united-atom 4f and 5f shells, superimposed on the contribution
of 6ho, qs and 5qo promotion. It is seen that the Xe-M vacancy production
measured by Shanker et al. is in fairly qood aqreement with the theoretical
prediction, althouqh the step-like rises predicted by the promotion model are
scarcely exhibited by the data.

6. CONCLUDING REMARKS

The analyses of a large body of experimental data, which have been performed
in recent years, have shown that inner-shell vacancy production in slow ion-atom
collisions can be understood in rather fine detail in terms of simple quasi-
molecular excitation mechanisms.
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In the case of K-shell vacancy production, 2pn-2po rotational coupling has
been firmly established as the dominant excitation mechanism. However, a fully
quantitative description of K-shell excitation by means of universal scaling
laws for 2p7-2pG rotational coupling seems not to be possible. In this situation,
detailed model calculations for individual collision systems will be most help-
ful.

Considerable progress has been achieved in the past years in the understanding
of the mechanisms of L-shell vacancy production. Apart from 4fo promotion, which
is the dominant excitation mechanism in light collision systems, various united
atom rotational coupling processes have been found to contribute to L-shell
vacancy production. In order to disentangle the different excitation mechanisms,
the dependence of L-shell vacancy production on the charge numbers of projectile
ion and target atom and, in particular, on the asymmetry of the collision system
should be systematically studied.

The understanding of the mechanisms of M-shell vacancy production is still
at a rudimentary stage, and much experimental and theoretical work will be neces-
sary in order to make progress in this field.

A remarkable feature that has emerged from the studies of inner-shell va-
cancy production in slow ion-atom collisions is the outstanding role played by
united-atom rotational coupling as a mechanism for primary vacancy production in
promoted MO. Because of its weak dependence upon details of the quasimolecular
potential and upon other ingredients of the MO model, united-atom rotational
coupling is a particularly simple excitation mechanism. The dominance of such
mechanisms in a seemingly complicated many-body scattering situation should pro-
vide further stimulus for studying inner-shell excitation in slow ion-atom col-
lisions.
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COLLISION PHYSICS WITH HIGHLY STRIPPED SLOW IONS

Reinhold SCHUCH
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A review about recent studies with highly stripped heavy ions is given.
Its scope is limited to mainly inner shell processes and slow collisions
compared to the Bohr velocity of electrons in these shells. The processes
discussed are: population of excited states by electron capture in asymmetric
collision systems; electron capture and excitation in symmetric collisions
with an emphasis on the impact parameter dependence of K- to L-shell and
K- to K-shell vacancy transfer; the interference structure in th.: qu'i-
molecular X-rays from slow hydrogenlike ion-atom collisions which is used
for direct spectroscopy of quasimolecular energies.

1. INTRODUCTION

The number of papers submitted to the ICPEAC on the subject of collision
physics with highly charged ions has increased steadily in recent years. The
growing activity in this field has mainly two origins: Sources of highly stripped
heavy ions have become available, and the interest in data from such collision
experiments has strongly increased.

From the point of view of pure atomic collision physics the interest in highly
charged heavy ions arises because electronic states on the incoming part of
the collision can be emptied. This makes a more selective study of the reaction
mechanism possible. Shell effects can be seen and channels leading to specific
couplings isolated. This will be the main subject of this paper. Another impor-
tant advantage that one can explore is that after the collision of a highly
charged ion with a light target atom the number of electrons is reduced to a
very few which mostly populate an excited state. This provides an excellent
environment for high resolution spectroscopic studies. For applications, the
availability of highly charged slow ions makes the study of processes possible
which were up to recently only observed in astrophysical and fusion plasmas.

In this review, recent developments in collision physics with slow highly
stripped ions are presented. The meaning of slow is specified by the condition
that the kinetic energy E of the ion Z1 should be much smaller than the ioni-
zation potential multiplied by M/me of the most strongly bound electron which
is stripped. M and me are the ion and electron rest masses, respectively. Very
low collision energies are not discussed, however, partly because a special
symposium is dedicated to collisions at very low velocities of highly charged
ions, but also because one needs kinetic energy in order to reach small enough
internuclear distances for inner shell studies. The production of such ions
by e.g. acceleration, poststripping and deceleration is explained in part 2.

In the third part, electron capture of highly charged ions in asymmetric and
symmetric collisions is treated. This process is of considerable purely scient-
ific interest because it represents quantum mechanically a very complex colli-
sion problem. At low and intermediate velocities many strongly interacting elec-
tronic states are involved to form the final states occupied in the projectile
and target ion after the collision. For practical purposes, it is important L:a
at low velocities the electron capture cross-section is very large (of the order
of 10"- 5 cm2 ) and the transferred electrons occupy preferentially excited states
both in projectile and target ion after the collision. This leads to high inten-
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sity radiation sources and therefore also to important energy transport phenom-
ena in e.g. astrophysical and fusion plasmas. A determination of the states
with n and I quantum numbers occupied by electron capture is therefore actively
pursued. This aspect is reviewed especially for very low E, by other articles
in this volume.

Examples of state selective charge transfer processes beLween inner shells
in nearly symmetric collision systems are given in the third and fourth parts
of this article. There the dependence of the K X ray cross section on the pro-
jectile charge state is considered and two regions are distinguished: one where
the projectile bears L-vacancies which can be transferred into the target K shell
by 2pi-2po rotational coupling (see also previous article by U. Wille) and the
other where the projectile is hydrogenlike or bare and the process of K-shell
to K-shell vacancy transfer can be observed. In both cases the dependence of
the K vacancy probability on impact parameter PK(b) is most informative about
the couplings, in particular for the K-K transfer process where oscillations
in the Pt'fir reflect an interference of the transfer amplitude.

Essential to the descriptions of slow ion atom collision processes are the
quasimolecular electronic states formed during the collision. Questions like
this arise: are the states of a united atom system really formed in a close
ion-atom encounter? This is of particular interest for very heavy quasimolecules
(ZI+Z 2 ) > 130). There the binding energy of an electron in the iso state (for
ZI+Z 2 > 175) could exceed even double its rest mass. A spectroscopy of such
superheavy quasimolecular states has been the goal of active studies during
recent years. It was achieved in the analysis of measured inner shell ionization
probabilities, and of positron and 6-electron emission, but in an indirect model
dependent way. A direct spectroscopy of the quasimolecular states was tried
in measurements of quasimolecular X-rays. In part 5 of this review measurements
of interference structures in quasimolecular X ray spectra are presented. Utiliz-
ing these structures a direct spectroscopic determination of quasimolecular
transition energies has been achieved.

2. PRODUCTION OF HIGHLY STRIPPED SLOW IONS

One of the main experimental difficulties in the studies discussed here is
the preparation of the highly charged slow ions. Normally, if accelerators
deliver beams of ions with Z1 > 10, these have a fully occupied L shell. If
one is interested in inner-shell processes it is therefore mandatory to poststrip
such a beam to a very high charge state, usually with a thin foil. For this
poststripping to be effective, a general rule is that the projectile velocity
v must be comparable to the Bohr electron velocity, <Ve>n , of the nth shell
that one seeks to strip (Bohr criterion). In fig.1 plots of the mean charge
states q for different ZI as function of the ion energy are shown. The stripping
occurs in C-foils, thick enough to produce equilibrium charge state distributions.
For this plot, the semiempirical fo-mula of ref.(1) and the experimental results
given in ref.(1-4) were used. The dashed line on the high-energy side shows
the energies obtained from the Bohr criterion for stripping up to the K-shell.
The dashed line at the left side shows the energies where the mean charge state
enters the K-shell. The same is plotted for the L-shell as dashed dotted lines.
These lines give only a rough overview of the charge states produced by stripping
in C-foils. As always a distribution of charge states is obtained after the
foil (as for example in the insert in fig.1). Therefore high charge states
with low beam intensities can already be obtained at a lower beam energy in
the wing of the q distribution. This technique is indeed used very frequently.
One manages to obtain significant results for the couplings between inner shell
states by operating with beam velocities reasonably below the relevant electron
orbiting velocity. In this way systematic studies of e.g. the L- to K-shell
vacancy transfer by 2piT-2po rotational coupling (5-10) and of the K- to K-shell
vacancy transfer process have been made (e.g.11-14). For investigations at
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lower velocities or heavier collision systems, but still with very high charge
states, beams where the charge state can be varieJ independently of the velocity
are highly desirable. There are three main ways in which, at least in principle,
such ion beams can at present be produced:

- From novel ion sources such as the Electron Cyclotron Resonance and the

Electron Beam Ion Source.
- The Secondary Ton recoil Source where atoms in a tenuous gas target are pumped

to a high charge state by-collisions of heavy ions of high charge state and
high energy.

- The accel-decel method where after a first acceleration the ion is poststripped
and then decelerated to low energies (Vp <V e>n).

In the first two methods ECR and EBIS, and SIRS the intensities of hydrogenlike
or fully stripped ion beams in the region of Z > 18 is still very low. Neverthe-
less, a large number of interesting experiments with these sources employing
lighter ions or lower charge states are currently in progress, and they are
the subject of a separate symposium in this conference. Even with the expected
large improvement in beam currents the ions so produced would still have to

be accelerated to higher energies than provided by these ion sources to be of
use for inner-shell processes. This is because the kinetic enorgy must be large

enough to compensate the Coulomb repulsion at minimum distance of approach Rmin,
inside the K shell radius of the united atom rua (u.a. is the atom of ZI+Z 2

nuclear charge). The criterion obtained for the lower limit of the collision
energy is therefore 1

rua : r/(Z1 +Z2 ) > mi = a(l + sin

(a = Rmin/
2

for head-on collision, 
8
cm is the center f mass scattering angle
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of the projectile).

If for impact parameter definition in a coincidence experiment the scattered
ion is to be detected, a reasonable maximum scattering angle is required for
practical purposes. One obtains fr9 m the above relation for symmetrical colli-
sions (Z = Z1 = Z2 ): E(a.u.) > 2 Z (I + 1/sine) or for e.g. Arq

+ 
on Ar with

a laboratory scattering angle of & = 20 a lower bourdary for the kirzLic energy
of E > 1.3 MeV.

These energies for~and reasonable beam currents of highly charged ions can
be reached with the accel-decel method. In fig.2 schematic drawings of the three
different structures presently available for accelerating, poststripping and
decelerating heavy ion beams are shown. In general, one needs two independent
accelerators with a stripper foil in between, and the second accelerator has
to be converted into a decelerator. At Pittsburgh University (15),and at the
Brookhaven National Laboratory, two tandems are coupled (16). The first tandem
accelerates with a positive terminal voltage. The second tandem is on negative
voltage thus accelerating up to the terminal where the poststripper foil gener-
ates high charge states, and decelerating in its second stage. The energies,
beam currents and charge states obtained in Brookhaven for experiments which
are reported here are listed in table 1. At GSI Darmstadt the positive ions
were accelerated in the Linacs "Wideroe" and "Alvarez" to high energies, then
poststripped and decelerated to low energies with single resonators. In Heidel-
berg a 12 MV tandem for accelerating and an rf Linac were used for decelerating
(17). The beam parameters reached there for the reported experiments are also
listed in table 1.

ACCELERATION STRIPPiNG DECELERATION

TANDEM ae roaff C-FOIL SINGLE RESONATORS EXPERIMENT
NEG
ION

POS/

TANDEM TANDEM
NEG
ION

° .N V J I - V I

WIDEROE ALVAREZ SINGLE RESONATORSPOS
ION F -- - ] f

FIGURE 2 Structures for accelerating, poststripping and decelerating.

3. ELECTRON CAPTURE AND EXCITATION: TOTAL CROSS SECTIONS

A general overview of the cross section for single electron capture in
Helium and Argon as function of the ion kinetic energy is given in fig.3. The
data is taken from a collection by Knudson et al. (18) in reduced cross section
and energy scale. Roughly speaking,two different regimes in the energy scale
can be distinguished: Very low energies, where the cross section is almost con-
stant. There a molecular orbital picture is generally used for the description
of the capture process. Intermediate and high energies; here the cross section

starts to decrease strongly with the ion energy. In this regime of intermediate
velocities and asymmetric collisinn systems e.g. a classical Monte Carlo method
19) and an atomic state close-coupling method (20) has been developed. The
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TABLE 1 Beam parameters for the accel-decel method

Facility Ion Poststripped Final Final Electric

o6
S  

at: Me,/q E current

Brookhaven 4 MeVN 16+ 130 keV/N

Nat. Lab. 1,7C| 4.6 MeV/N 16+ 70 keV/N 2 nA

G S 1 32Ge 8.6 MeV/N 31+ 2.6 MeV/N 2 nA

UNILAC 36 Kr 8.6 MeV/N 33+ 2.4 MeV/n 2 nA

11.5 MeV/N 35+ 4.6 MeV/N 3 nA

36+ 4.6 MeV/N 100 pA

54Xe 47+ 4.5 MeV/N 1 nA

MPI Heidelberg S 3.5 MeV/N 15+ 150 keV/N 1 nA

16+ 500 keV/N 2 nA

1 7 C1 3.7 MeV/N 17+ 600 keV/N 1 nA

Single Electron Capture

-.'-..,.: TI.-

6 q IONS ON ARGON

u06"

16...104

q . IONS ON HELIUM'

0er

~.. \18

01 1 10 100 1000

E[keV/N /q4,7

FIGURE 3 Reduced single electron capture cross sections for different ions
(see ref 25) and for S

+
9
-1 6 

(ref 27, big circles) in He and Ar as function of
the reduced energy.
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situation is here more complex than in the regime of very slow collisions,
because a large number of strongly coupled states are involved in the capture
of highly charged ions. In ref. 18 this complexity was exploited by introducing
the simplifying assumption that there is a quasicontinuum of states to which
coupling can occur. With this condition a scaling law for single electron cap-
ture has been derived (18) from the simplifying classical model of Bohr and
Lindhard (21) that the single Plectron capture cross section f% 7 ; fixed target
divided by q should form a universal curve as function of E-q

-  .

The regime of energies which can be covered by the accel-decel technique
is indicated in fig.3 by large circles. These represent new sets of data for
Sq+ ions obtained with the accel-decel technique at Brookhaven (22). There the
charge state has been varied between 6+ and 16+ and the energy between 6 arid
20 MeV. These data show in the general trend agreement with the scaling, only
the He data are somewhat higher than the universal curve.

For a more rigorous test of the theoretical models for charge transfer, state
selective measurements are needed. Much data is available in particular for
electron capture in the low velocity regime where the molecular picture applies.
These data are obtained with beams from SIRS, EBIS and ECR ion sources. The
state of the art in such measurements is the spectroscopy of the translational
enerqy gain of the projectile during the capture process (e.g. 23-25), the spec-
troscopy of autoionization electrons (e.g. 26-28) and characteristic X-rays.
We want to consider here only processes of charge transfer and excitation leading
to projectile and target characteristic X-ray emission after collisions of slow
highly ionized ions with atoms.

S KX-RAY SPECTRA IN
40MeV S + Ne COLLISIONS

60
S0- S 3

p lp
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<20,

(f) . , .• • ,,

z 4
pZ

D 6 0  20 S14. 2p
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Two classes of X-ray measurements can be distinguishe : one which is done
with high resolution crystal _pectrometers (AEx/Ex < 10-1); the other with Si(Li)

or Ge detectors (AEx/Ex  10-), where sometimes also coincidences with scattered
particles are required to define the impact parameter of the scattering event.
In the regime of slow highly stripped ions few experiments with crystal spectro-
meters have been performed. For the measurements with recoil ions we refer to

the article of H. Beyer et al. (29). Poststripping of tandem beams has been
used by a group at KSU to measure state selective capture with a crystal spectro-
meter (30). An example of X-ray spectra from such measurements with 40 MeV Sq+

.

q - 13,14,15 on a Ne target is shown in fig.4. The X-ray lines with S
15+ 

and
S
1
4+ are from electron capture into excited states (S14+ has the well known

isls
I 
IS metastable component), whereas the lines in S13+ are from excitation.

Although in that paper no strong conclusions are drawn from these spectra one
can clearly see the potential power of this method for identifying the states
populated by electron capture.

In a development in this line, single electron capture can be used to create
the excited states which are interesting for precision spectroscopy. Recently
an expeviment was performed (31) where bare Cl1 7+ nuclei were decelerated at
the Heidelberg Linac and then allowed to capture a single electron into an
e- itod state. The Lyman o lines (fig. 5) observed with a Johann type bent crys-
tal spectrometer were free of spectator electrons and background distortion.
In combination with a reduction and control of Doppler effects this technique
can be used in the future to reach a very high accuracy in tile determination
of e.g. the Is Lamb-shift.

Yany studies of X-ray emission in near symmetric highly charged ion atom
collisions were performed with the goal of determininq the mechaninms ior inner
shell charge transfer and excitation.

The two mechanisms which could be isolated in these studies to be most impor-
tant for K-vacancy Production in slow symmetrical collision systems are 2pm-2p:
rotational coupling and lso-2po radial coupling (see e.g. 32). Fig.6 shows an
example of a SCF relativistic many electron correlation diagram for the Ar+Cl

235MeV CI-He Lycl

400

0)C Ly~

0

200 -

0 -

100 150 200
Photon Energy [Channels]

FIGURE 5 Lyman a lines in H-like CI after electron capture of C1
17
+ in a He

gas target.
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FIGURE 6 SCF relativistic many electron correlation diagram for a Ar+Cl quasi-
molecule (ref 33).

quasimolecule (33). It was calculated for a 10 times ionized collision system.
For the levels most important for this discussion relativistic as well as non-
relativistic descriptions are given. The two coupli-g channels mentioned above
are indicated by arrows. The operation of one of these channels depends on the
probability for having a vacancy in the incoming quasimolecular state. In order
to verify this model, the dependence of the K K ray cross section on the pro-
jectile charge state has been measured (9,10,13).

Recently, by utilizing the accel-decel method, large variations of the charge
states at a rather low collision velocity have been achieved. One result for
Sn-Xe is displayed in the previous article (34). In fig. 7 the total cross sec-
tions for 2 MeV/N Krq

* 
- Kr and 3.6 MeV/N Xeq+-xe are plotted as functions of

the number of electrons in the ion. These experiments were performed with decel-
erated beams at GSI. The open circles are from a direct measurement of the total
K X ray cross section for Xe on Xe (35). The open squares and full dots for
Kr on Kr were obtained from the impact parameter dependent K-vacancy probabil-
ities (ref.(3o) and next paragraph) using oK = 2ir F b.PK(b) db. Within the
systematic error bars of about 30% which usually exist in such measurements
the two methods agree.

The total cross section is about constant for projectile charge states lower
than Ne-like. Thi. behaviour is explained as being due to excitation into higher
states and ionization. The strong increase of the cross section with the number
of projectile L-shell vacancies was seen as an indication for the operation
of the 2pn-2po rotational coupling mechanism. The increase which is predicted
(37) by the 2pn-2po rotational coupling model is shown by tihe full line for
Xe-Xe and by the dashed line for Kr-Kr. The increase in the data points is some-
what weaker than predicted by 

2
prt-2pa rotational coupling and the additional

assumption of statistically distributed projectile L-vacancies between the almost
degenerate L-shell states of projectile and target. This deviation could be due
to a nonstatistical distribution of the L-vacancies among the L shell states
caused by couplings to higher (e.g. M shell) states.
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As pointed out in the literature (e.g. 38,39) this charge state dependence
alone cannot be seen as a proof for the operation of the 2pT-2po rotational
coupling mechanism. This is demonstrated in an obvious way by K X ray cross
sections measured in a symmetric and a very asymmetric collision system. An
example of a recent measurement (39) using decelerated 20 MeV sq+ beams in
Brookhaven is given in fig.8. The K X ray cross sections increase with an Ar
target in the same way for q 6 as with a He target. In the very asymmetric
collision system S on He, however, the 2pir-2pa rotational coupling cannot effec-
tively operate. Therefore excitation into bound states might show the same pro-
jectile charge state dependence as 2pix-2po rotational coupling, as it is seen in
fig 8. A much better tool to identify these channels is the impact parameter
dependence of the K vacancy probability. In part 4 this subject will be briefly
discussed.

The very large increase in the projectile K X ray cross section for H-like
and bare ions in fig 8 is due to electron capture into excited states of the
He-like and H-like ions. The strong increase in the cross section for Ar K X
rays is caused by the quasiresonant K-K transfer process which will also be
discussed in the following paragraph.

4. INNER SHELL ELECTRON TRANSFER AND EXCITATION: IMPACT PARAMETER DEPENDENCES

The impact parameter dependence of inner shell vacancy production is usually
determined by measuring characteristic X ray-particle coincidences. The scatter-
ing angles are converted into impact parameters (b) by use of a screened Coulomb-
potential. The probability is obtained by correcting the true coincident X rays
with fluorescence yield and detection efficiency, and normalizing this to the
number of detected particles at b. Examples for the K vacancy probability PK(b)
in slow symmetric collision systems was already given in the review by U. Wille
(34) and in refs(5-8,10-12 36 40 41)

Here we want to show the PK(b) measured from collisions with highly ionized
and decelerated Kr and Xe projectiles with Kr and Xe gas targets, respectively
(35). These are the probabilities from which the total cross sections in fig.7
were obtained. For a compariso?,4in fig.9) with PK(b) from lighter collision
systems (Ne+ on Ne (40) and Cl on Ar (5)) we use the reduced impact parameter
scale b' = (a/v)i/3b in atomic units,where o(ZI,Z 2 ) is the coefficient in
a quadratic expansion of the 2pm-2po energy difference.

The Ne-Ne and Cl-Ar data is normalized at the maximum to the same value
of 0.5, because the fluorescence yield in these light systems has a large
uncertainty. In the heavier systems Kr-Kr and Xe-Xe the fluorescence yield
correction does not cause a large error in the probabilities. They are therefore
plotted in absolute values with respect to one vacancy in 2Pix, the state which
couples to the 2po. The normalization constant is obtained from the number of
L-vacancies in the projectile and their statistical distribution among the L-
shell states. These probabilities P(bl) in fig.9 for Kr-Kr agree reasonably
well with those of Xe-Xe in absolute value, but at maximum they are both clearly
below the theoretically expected values. This behaviour was already found in
the total cross sections of fig.7 and a possible reason was given there.

Comparing the shape of the P(b') curves for the very different collision
systems one finds in all of them a similar behaviour with a maximum, the so
called adiabatic maximum, at about the same position. The adiabatic maximum
in Xe-Xe could be shifted to somewhat smaller b' values which might be explained
by a relativistic effect. The fine structure splitting (see fig.6) between
1(3/2), 3(0/2) (2pm) and 2(1/2) (2po) has in Xe-Xe already reached 30% of the
L-binding energies. The dashed line in fig.9 considers this relativistic effect
(43) in the reduced impact parameter representation.

In the following part we report investigations of K-shell to K-shell charge
transfer processes with H-like decelerated beams which causes e.g. the drastic
rise of the Ar K X ray cross section seen in fig.7. The first observation of
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FIGURE 9 Normalized K-vacancy probabilities as function of the reduced impact
parameter b' (for ref., normalization and lines see text)

this process was achieved with H+ and He+ beams obtained directly from an ion
source and a H or He gas target (44-46). The oscillating structure seen in the
capture probability as function of the collision energy was correctly interpreted
(47) as the quantum mechanical interference of the transition amplitude for in-
and outgoing parts of the collision trajectory.

First experiments with heavy ions were performed (11) with S poststripped

at 32 MeV to charge state 15+ by observing characteristic X-ray particle coinci-
dences from collisions with Ar. Here we report similar experiments (see also
ref (48)) for the same collision system which,by exploiting the accel-decel
technique, reached much higher orecision and lower collision energies. Similar
studies of this effect were performed for the F+- e collision syste by Ne
K Auger-electron-particle coincidences. Those were reported at the previous
ICPEAC (49) and in ref (12). Total cross sections for single and double K-K
transfer were measured at somewhat higher energies for a large variety of colli-
sion systems by Hall et al. ( 14) and Chetioui et al. (13). 15+

In the experiment at the Heidelberg Linac performed with decelerated S
ions colliding with Ar, K X rays of projectile and target were measured in Coin-
cidence with scattered particles. The target (Ar) K vacancy probabilities Ptsr(b)
are plotted for 4.7, 7.9, 16, 32, and 90 MeV collision energy in fig.10. The
data reveal clear oscillations as a function of b with an increasing "frequency"
with decreasing collision velocity. The PKr(b) extend with a considerable prob-
ability to very large b, more than three times the K-shell radius. This is the
reason for the stronily enhanced target K-X-ray emission cross section as soon
as the projectile b-ars a K-vacancy, as observed e.g. in 20 MeV sq+ - Ar (fig.7).

The probabilities for K-vacancy production by 2ypr-2po rotational coupling
and ionization have been measured for 32 MeV S5, I on Ar as function of b by
Nolte et al. (6). The Ar K-vacancy probability extracted from these data is
represented in fig.lOby the dashed line. We see that it only has a considerable
probability at small b relative to the b-range of K- to K-shell transfer and

it only has a comparable probability with those of S15+ at values of b where
the K-K charge transfer probability has a minimum. If the 2pTc-2po rotational
coupling channel is included coherently it could, however, have a dramatic effect
on the K- to K-shell charge transfer probabilities, as will be discussed below.
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Various models for the coupling between the two states 2po and iso correspond-
ing to the K-shell states of the two collision partners have been proposed (see
e.g. ref(50-57)) to describe the oscillating structure found in K- to K-shell
charge transfer. Most of these calculations have taken into account only the
coupling between the two quasimolecular states Iso and 2po, neglecting couplings
to higher orbitals (see fig.6). Within such two-state models of a long range
coupling, oscillations in the vacancy transfer probability can be understood as
follows. It is known (see e.g. in refs. given above) that nonadiabatic transi-
tions between the two interacting states take place over a range of internuclear
distances around some coupling distance Rc far outside the K-shell radius of
either of the collision partners. The 1so and 2po wave functions evolve adia-
batically during the collision, changing their phases according to their energy
values Els o and E2p.. This phase difference integrated along the trajectory
is then:

t(+R C ) 1 c RdR
= _i AE(R(t))dt = -__ AE Il

0 ov b

The interference between the two wave functions produces the oscillations in
the transfer probability according to this phase difference. This means that
an experiment accurately determining the interference pattern allows a spectro-
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FIGURE 10 Target K vacancy probability as function of impact parameter from
collisions with H-like S ions at different energies (full lines are drawn to
guide the eye, dashed line see text).
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scopy of the quasimolecular lso-2po energy difference 6E(R) in such a collision
system. An analysis of the SlS+-Ar data in this respect was performed in ref
(48). If the LCAO for the wavefunctions is used one obtains (50,47):

P2 
= 
4P1 (I-PI) sin

2 
4

where P2 is the transfer probability for double passage through the coupling

region at Rc, P1 is the probability for a single passage of Rc.
With relation (2) one gets extrema for $ = (n - 1/2)n where the maxima are

at n=1,2,... and the minima at n=3/2,5/2,... The different maxima and minima
can be identified in fig. 10 according to their respective n-values, so that
the phase difference is known for the b-values corresponding the maxima and
minima. According to [1] these phase differences multiplied by v should define
a -ommon curve. In Fig. la the values of 1v4=-hv(n-I/2)rt are plotted as function
of the impact parameter, and indeed all data points fall within the error bars
on a common curve.

The 2po-lso energy difference AE(R) in the S-Ar quasimolecule obtained from
HF calculations (57) fo, neutral projectile and target atoms is shown in fig. llb
and the corresponding phase integral in fig Ila by the full line. A fit of the
phase integral to the data points (fig 11a dashed line) with a parametrization
of AE gives the dashed line in fig. llb as an energy curve.

Furthermore,sensitive tests of the dynamical couplings between the innermost
quasimolecular states can be performed using the interference structure. Compar-
isons with calculations of this kind have been made in ref (48). The agreement
with a two state molecular approximation (57) improves with decreasing velocity.
However, also at low velocities, a large deviation in phase remains at small
impact parameters which will be discussed with the following example. There
we want to point out an influence of the coherent inclusion of the 2pTt-2pG rota-
tional coupling channel on the phase of the 2po-lso radial coupling probability.
This effect has been discussed already by McCarroll and Piacentini (58) for
low energy proton-hydrogen collisions. In that work it was shown that for de-
creasing collision velocities at a fixed laboratory projectile scattering angle,

•~~~ T I I
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the charge exchange probability is out of phase by a factor of n with the experi-
mental results of Helbig and Everhart (46) if the 2pit-2po rotational coupling
is not taken into account. This effect is also indicated in the present results
as exemplified in a comparison of the dashed and dotted curves with the 16 MeV
and 32 MeV S 5+-Ar data in figs. 12 and 13. Both curves were calculated with one-
electron diatomic-molecule wavefunctions and coupling matrix elements, and using
the routine TANGO (59) for an integration of the coupled state equations.

0.8 32 MeV S Ar-

0.6 .

0.2 " -

0 2000 4.000 6000
b ffmj

FIGURE 12 p~r(b) for 32 MeV S15+ in comparison with results of Lin (54) (full
line), of Fritsch (55) (dash-dot line). Two state (dotted line) and three state
(dashed line) MO calculation.

0.8 -16 MeV S'- Ar

06 I
~04. - \ / '

02 -' ti/

2000 4000 6000 8000 10000
blfm

FIGURE 13 Same as fig.S12 for 16 MeV
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The dotted curve in figs. 12 and 13 presents the results of a two-state cal-
culation where o1 the 2po and iso states were included. At 16 MeV we find
the minimum in prat around 2300 fm whereas by this two-state calculation
a maximum is predicted to occur at this impact parameter. The predictions of
this calculation are, however, not so bad for larger impact parameters (b >
6000 fm) showing there a relatively good agreement with our data. A second cal-
culation involving the 2p r, 2po and Iso states is shown in figs. 12 and 13 as
dashed curves. We see that the inclusion of the 2pm state (and therefore of
the 2pTr-2po rotational coupling) has two obvious effects. Not only does it pro-
vide a much better prediction of the position of maxima and minima, but it also
raises the absolute value of the charge exchange probability in the minimum
bringing it into good agreement with the measured value.

The two state atomic expansion (AO) (54) agrees quite well at higher veloc-
ities where molecular effects are not important. A comparison of this calculation
(54) with the data is shown in figs. 12 and 13 by thL full line. A calculation
(55) in such an atomic basis (AO+) which includes more states as well as united
atom orbitals placed at the two charge centers is shown by the dashed dotted
line in figs. 12, 13 and for 7.9 MeV S1

5+ 
on Ar in fig.14. The agreement with the

data is substantially improved. The numerical integration of the time depend-
ent-Schrbdinger equation (60) for the collision system S

16+ 
on Ar

17+ 
is in good

accordance with the data at all collision energies (see ref (48)). In figs. 12
and 14 an example of these calculations is given by the open circles. Also
shown there by the dashed line are the results of an MO approximation of
Stolterfoht (57). In ref (48) a semiempirical formIula was also derived which
showed reasonable agreement with the S-Ar data and the data of ref (12) and
is rather useful to estimate K- to K-shell transfpr probabilitic.
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FIGURE 14 Comparison of pAr with results of Fritsch (55) (AO+, dashed dotted),
of Stolterfoht (57) (dashed), and of Grun (60) (circles).
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5. QUASIMOLECULAR X RAYS FROM COLLISIONS WITH H-LIKE DECELERATED PROJECTILES

The direct spectroscopy of the quasimolecular states formed transiently during
a collision was the main goal of measuring quasimolecular X rays in recent years.
These X rays are emitted by radiative transitions during the collision thus
resulting in a broad continuum above and below the characteristic lines of pro-
jectile and target atom. Here we want to consider again only transitions into
the innermost quasimolecular (iso) state, and collisions of H-like projectiles.
These provide the iso vacancy which is necessary for the decay.

In previous studies (see e.g. 61,62),with projectiles in lower charge states
(as they are usually obtained from the accelerator) the spectroscopic informa-
tion was not clearly visible. The method of finding end points or structures
in the quasimolecular spectra failed mainly for two reasons: The Heisenberg
broadening of the transition makes an end point of the spectrum at the united
atom transition energy to vanish. Structures like those expected from an inter-
ference of transition amplitudes on the incoming and outgoing part of the colli-
sion cannot appear when the 1so vacancy needs first to be created in the colli-
sion. Also investigations in a different line, such as measuring the anisotropy
were not successful although they were very helpful for the understanding of
the radiation process. Anisotropies with a maximum at about the united atom
transition energy were indeed observed (62). However, it was found that the
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FIGURE 15 Quasimolecular X ray emission probabilities for different collision
energies and impact parameters. The full line represents a dynamical calculation
by Anholt (67) in absolute scale.
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physical reason leading to this anisotropy is too complex to be of any use for
spectroscopic purposes.

Taking advantage of decelerated highly charged ions, these problems could
be circumvented. With H-like ions the Iso vacancy can be present already in
the incoming part of the collision, and at low collision velocity the Heisenberg
broadening is reduced. One could then expect to find interference structure in
the quasimolecular X ray spectra as predicted by Lichten, Macek and Briggs (63,
64). This observation was indeed made with Cl6 ions decelerated to 2.5, 5. 10
and 20 MeV, which have single collisions with atoms in an Ar gas target (65,66).

Some examples of the X ray spectra at different impact parameters of the
scattering event and different collision energies are shown in fig.15 and 16.
The structure appears clearly at lower collision energies and small impact para-
meters. A shift of the maxima and minima with both b and E can be observed.

The curves in fig. 15 are from a dynamical electron slip calculation done
by Anholt (67). The quasimolecular energy levels used there are scaled from
the many electron u.a. K0 energy. A good agreement in the shape is obtained.
However, the level of disagreement in absolute value is not very clear. Possible
experimental uncertainties which could lead to lower probabilities are discussed
in ref (68).

The curve in fig. 16 represents a uniform approximation of the phase (69).
A quadratic expansion of the transtion energy AE in the collision time around
the turning point (t=Q) AE(t) = AEo-ct2 leads to a closed form for the Fourier
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b 1420 fm

d FIGURE 16 Quasimolecular

X ray spectra in comparison

25MeV CC 6 Ar with Airy functions from
-I ref (69).z b=1170fm
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integral (64): t

I(E) dt Dif(R(t)) exp i/n (Ext - JAE dT)

-~ 0

(Dif(R) is the dipole transition matrix element) in the form of an Airy function
(69):

I(E) IAi ( (Ex-AE0)/c1/3)H
2

In ref (69) the two free parameters AEo and c were chosen so that I(Ex) fits
the 2.5 MeV measurement and with these the spectrum of 20 MeV was calculated.
One can therefore apply this formula to fit the spectra at different b and E
in order to construct the quasimolecular lso-2pm transition energy AE as function
of R. Such an analysis was done in ref (70) and these results are shown in fin.
17 by the full dots. These are the transition energies at the turning point for
different b and they are therefore restricted to small b.

For extracting the AE(R) at larger R from the interference structure a linear
expansion of 6E(t) in small intervals around a stationary point (t >o) should
be a good approximation. The stationary point is defined y Ex=AE(?o) and this
so called stationary phase approximation (66) gives a cos 4(Ex) dependence of
the spectral shape from a phase: t

(Ex -(Ext o  J AE dt) . [2]
0

The analysis of the interference structure in this way was made in ref (66).
It uses only the Ex values of the maxima and minima which give the mean colli-
sion time

-=[3]
21Emax- Emil ( -E

corresponding to a mean transitinn energy bE =Emax min

The nE(R) so obtained are plotted as open dots in fig. 17. It is obvious that
all energy points from different collision energies, impact parameters, and
from the quadratic or linear expansion fall together within the error bars on
a common curve. These points should represent mainly the 2pn-lso transition
energy at large R (there D2go- Iso , 0) and a superposition of 2pii-lso and
2po-lso at small R, where the 2pm and 2po binding energies are anyhow nearly
degenerate.

In fig. 17 two theoretical predictions for the 2pm, 2po - iso transition
energies are plotted. The full curve and dashed curve are scaled from the very
frequently used Hi-H energy curves (71) for 2po * Iso and 2p m * iso transitions,
respectively. A correction for the screening is done following Heinig et a,.
(72) by adjusting Zeff to the neutral separated atom and u.a. transition ener-
gies. There is a clear discrepancy both in value and shape.

Very good agreement is obtained with 2pmr-iso energies from a Dirac Fock Slater
calculation for a 10 times ionized Cl - Ar quasimolecule (33) (dashed dotted
line). The energy curves of this calculatio are displayed in fig.6.

Similar studies were performed for the S?5 + 
* Ar collision system (73). Here

also the anisotropy of the quasimolecular X rays was investigated. We found
a small shift of the interference structure at different observation angles
with respect to the beam axis. Such anisotropy measurements with H-like ions
could distinguish the energy curves of transitions from 2pm and 2po states (74).

One main goal in the studies of such interference structures is the spectro-
scopy of superheavy quasimolecular states. One very important condition which
needs to be fullfilled is to have very heavy hydrogen-like projectiles. With
the new generation of heavy ion accelerators (synchrotron and storage ring (75))
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it should be possible to obtain even bare U-nuclei decelerated down to below

the Coulomb barrier (6 AeV/N).
Still one needs to fullfill the condition of single collisions for K-shell

processes, which seers to require thin gaseous targets. Here recently an impor-
tant result was obtained (76) by bombarding a Mo solid target with Kr

35+ 
decel-

erated to 4.5 MeV/N. With a careful selection of this target foil the interfer-
ence structures both in the K-K transfer and the quasimolprular X ravw .:o

again found. Such studies can therefore be performed with solid targets which
is important for heavier systems where gas targets are not available.

Also for the following application of interference effects, solid targets
would be essential. Here the sensitivity of the interference structure to a

small change in the collision time is exploited. In an inelastic nuclear reaction
the two nuclei stick together for some time exchanging mass, energy and charge.
The stickin time is calculated from models for this transfer to be in the order
of St >1O-21s. Observing e.g. the quasimolecular X rays from collisions of H-
like projectiles producing such a sticking event a shift of the interference

structure,which depends on the sticking time should be observable. For an esti-
mate of the sensitivity of this method we use relation [3 from the stationary
phase approximation which gives:

AEx = 2 t(Emax-Emin)2/hR

So that At = 10"2s corresponds to a change in the Ex difference between maxima
and minima of about 1 keV in an intermediate heavy system like 5 MeV/N Zr

39+

on Mo. This shift should be detectable. The "atomic clock" for nuclear sticking
could further be calibrated with sub-Coulomb collisions in the way described
above, so that a clock for times of > 10-21s could be available in the future.

6. SUMMARY

In this review atomic collisions of highly stripped ions at low and inter-
mediate velocities with respect to the inner-shell electron orbiting velocity
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were treated. In most of the experiments discussed, the ions were produced by
poststripping at high velocities and decelerating with the second stage of an
accelerator.

Electron capture processes of such ions in dilute gas targets were found
to populate predominantly excited states, which can be studied by high resolu-
tion X ray spectroscopy. It has been indicated that precision spectroscopy of
such states prepared by electron capture could reach a high accuracy in deter-
mining QED and electron-electron interaction effects.

K shell processes in close symmetrical collisions of highly stripped ions
revealed two main coupling channels, 2pn-2po rotational coupling as long as
there are only L-vacancies in the projectile, and K-shell to K-shell vacancy
transfer if the projectile bears a K vacancy, The impact parameter dependence
gives in both cases very detailed informations about the coupling processes,
especially in K-K transfer where an interference structure in the K vacancy
probability is observed.

With hydrogenlike projectiles the quasimolecular X rays show an interference
structure in near symmetric collisions at fixed impact parameter. This can be
utilized for a direct spectroscopiy of the 2prT-2po quasimolecular energies as
function of the internuclear distance.

In short, it could be said, that highly stripped slow ions can give very
clear and detailed information about atomic collision processes and they open
new ways for accurate X ray and electron spectroscopy. This is in particular
fascinating in view of the new generation of ion sources, heavy ion accelerators
and storage rings.
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The theory of laser-induced charge transfer (LICT) in ion-atom collisions

is presented for the range of impact energies in which a quasimolecular
description is appropiate. For each relative orientation of the AC field,
LICT cross sections can be obtained with trivial modifications of standard
programs. Simpler, perturbative expression for the orientation-averaged
cross sections are accurate for I v

-1 
- 100 W s cm

-3
, and the analytical

Landau-Zener perturbative expression often provides good estimates for

these cross sections. The practical advantages of the dressed state forma-
lism as an alternative approach are critically examined, and the general
characteristics of LICT cross sections in multicharged ,on-atom collisions
are shown with the help of an example.

1. INTRODUCTION

In the last decade, the ability of intense optical fields to modify charge
exchange ion-atom reaction cross sections has stimulated considerable interest
(1-11). In particular, attention has been drawn (3)(6)(7)(11) to the possibili-

ty of using laser induced charge transfer (LICT)processes to provide informa-
tion on t~ie impurity content of magnetically confined fusion plasmas, and to
the relevance of LICT reactions to the development of short wavelength lasers.
From the theoretical point of view, the basic characteristics of laser induced
processes in ion-atom reactions are known. More importantly, existing computer
programs that calculate field-free charge exchange cross sections can be easily
modified to include the radiation-matter interaction, and simple and fast
procedures can often be employed to estimate the cross sections for a given
process. A summary of existing theoretical approaches to calculate LICT cross

sections is presented in this report. I shall start by setting up the basic
equations of the standard quasimolecular picture of the collision process,
and the approximations that can be used to estimate the orientation averaged
LICT cross section. For ultraintense laser fields, a dressed quasimolecular
picture of collision processes is often advocated as being better adapted to

describe these processes; the practical advantages of this alternative approach
for LICT in ion-atom collisions will be briefly, and critically, examined. Fi-
nally, the general characteristics of the cross sections as functions of laser

wavelength and nuclear velocity will be described. Atomic units will be used

unless otherwise specified.

2. MOLECULAR FORMALISM

We consider an ion-atom collision taking place in the presence of an intense
laser radiation. Because of the very larger number of photons in the laser mode,
it can be accurately described (12) as a classical electromagnetic field:
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(t) = o cos (Wt +n) /1/

where Eo(a.u.) = 5.338 x 10-9 (I W cm-2) 1/2 and I is the laser intensity.
Although not strictly necessary in our treatment, the theoretical formalism to
describe the collision process is simplified when a semiclassical description
is employed. This description is adequate when the collision energy exceeds
the binding energy of the active electrons (usually above a few tens of eV
amu-l). In it, the nuclei are assumed to follow a trajectory R(t), where R is
the internuclear distance, while the electronic motion is represented by a wa-
vefunction Y that fulfills the Schroedinger equation:

-at (Hel + Hint) 121

where H 1 is the fixed-nuclei Born-Oppenheimer Hamiltonian, and Hint the
radiatisn-matter interaction. As is well known (12,13), several forms for Hint
(in the usual dipole approximation), differing by a gauge transformation,are
equally meaningful and give identical results in an accurate treatment; for the
present application the simplest and most convenient form (14) is given by the
E.w gauge, with co in /I/ a vector of polar coordinates (o,Os) in a laborato-
ry-fixed frame with the Z axis in the v direction, 0 the electric operator.

Because of the large disparity betw-en the elect-ronic and nuclear masses, a
molecular description of the process in adequate up to collision energies of
the order of tens of KeV amu -, the relative nuclear velocity being smaller
than the classical velocity of the active electrons. In that description, the
electronic wavefunction T is expanded in terms of the set of eigenfunctions of
Hel

rt
= an (t) n(r,R) exp {-iJo En R(t')Idt'} /3/

n

and this ansatz is introduced in /2/, yielding a system of coupled differential
equations for the coefficients:

da
aM(t) < Xn Hint -i a

dt m
/4/rt

x exp {-i Jo (Em-En) dt'}

In this picture, charge transfer and excitation processes are interpreted
as taking place through dipole (Hint) and dynamical (a/st) couplings between
the molecular channels. In the vicinity of sharp pseudocrossings between two
molecular energies it is often useful to replace these eigenfunctions of Hel by
linear combinations of them, called diabatic (15)(16) functions, whose character
does not change in the avoided crossing region and which present, therefore,
a negligible small dynamical coupling in this region. Also, in the intermediate
range of nuclear velocities (0.1 j v < I a.u.) it becomes indispensable to in-
troduce translation factors (17)(16) in the molecular wavefunctions, so as to
ensure Galilean invariance of the results.

In practice, computer programs that are routinely used (18) to calculate the
cross sections for the field-free case can be implemented with little modifica-
tion in order to calculate th2 coupling matrix elements and to solve the set of
differential equations /4/. Integration of each transition probability over all
impact parameters b (i.e., over all nuclear trajectories) and average over all
initial phases n in /I/ yields the corresponding laser and collision induced
cross section o (a,). Averaging over all initial (quasi)molecular orientations,
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or equivalently over all directions of , gives the orientation-averaged cross
section G.

3. APPROXIMATE MOLECULAR TREATMENTS

As pointed out above, solving the system /4/ poses no difficulty. However,
angle and phase averaging can render this procedure unnecessarily cumbersome
when orientation-averaged cross sections 5 are required. Fortunately, several
approximations can often be employed (1)(7) to drastically reduce the computa-
tional effort. Usually, the rotating wave approximation applies, and photon-in-
duced transitions occur between two molecular channels xl and X2 which are cou-
pled by the operator Hint. Provided that I v-l < 106 W s cm-

3 (7) (11), one can
employ perturbation theory to treat the photon-induced process and set:

.da2  _ ( 1 E±w 5
1 - = a(t) Eo.l 2  exp { -i[ ± n + (EI-E2w) dt'] } /5/

dt

where a1(t) is the coefficient of x1 in the field-free collision; this is set
al- I when dynamical couplings to other molecular channels are ineffective in
the energy range considered; otherwise, it has to be evaluated by solving eq.
/4/ for the field-free case. Except for very high intensities or transitions ta-
king place at very large internuclear distances (ll)(quasimolecular dipole mo-
ments increase linearly with R) AC Stark shift and broadening of the molecular
energies EI,E 2 can be neglected in /5/.We notice that the phasen of eq.il/ does
not appear in the expression of the LICT transition probability Ia2(-)J and
therefore need not be considered. Furthermore, orientation averaging of the
transition probabiliby can be performed directly so that closed-form expressions
for ; are obtained in the following way. Consider for example photon-induced
transitions between two sigma states, and let V(R) be the effective potential
defining a nuclear trajectory R(t) with azimutal angle 8 (19)

V _R2 1-11 dR /6/

°'!12 <"l2 (sin ocos o sin a + cos e cos e ) /7/

do Jo-)I bdb 2 f db b (JAI' 1 1B2

4 1 1. 2 -3-8/

where A and B are given by:

a f(t) 1 2 [ R(t) J exp I -i J (El-E 2 ±w) dt I dt /9/

and f - sin 8, cos efor A, B,respectively.The corresponding expression for E-
transitions is

2n -f' db b (IAI 2 + j812 + IC12  /10/

where C is also given by /9/ with f 1l. For the special case of straight line
trajectories (7) V = 0 and sin a = b/R; cos e= vt/R.

It is clear than calculation of 6 through eqs./8/ and /lO/ is a trivial pro-
blem, even if, at small nuclear velocities, the integrands in these equations
strongly oscillate as functions of the impact parameter b. When collision-indu-
ced transitions can be neglected, and photon-induced ones are completely loca-
lized at the point of zero detuning E -E =+d(where the phase in /9/ is statio-
nary), a further simplification of th4 teory is still possible (1,7) and pro-
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vides a very useful procedure to estimate J. Taking a I in /9/ and evaluating
this integral by the method of stationary phase (20) one ubtains, for b , bma x
= Ro -V(R,/E)

1 /2 
where R, is the point of stationary phase:

2 sin (R,) 12 (R-) 2 " v /2

... 1v F V( R) b 2

1-2 - -- - /11/

S I .... bF2  - 72 d '

xCos v I VdR
[I- - -R-2 1

Rmin E

with Fn- d E n/dR, and A 0(v-l)for b bijax. The corresponding expression for
the B integral is similar, with cos ,instead of sin t-. An illustration of the
result of using this stationary phase approximation is presented in Fig. I ,

for 2ou-3do laser induced transitions in He
2+ 

+ H collisions (7). We plot the
2 22 2

values of A 2 b(---- ) and 2. 'B2 b (-...) for a laser wavelength
> = 3000 A, an intensity I = 10

11
Wcm

- 2 
and nuclear velocity v = 1.55 x 107 cm s

(for smaller velocities the oscillations make the drawing unclear). To avoid
cramming the figure with curves, only the non-oscillatory factors of the statio-
nary phase approximations for A( .... ) and B( ---- )are drawn. The accuracy of
these approximations worsens as we approach the point of stationary phase R;
notice in particular the divergence of the approximation for the A integral at
b = R .

Reducing the integration domain in /8/ to O,bmax , and taking the average
value 1/2 for the oscillatory factor in /ll/,one then obtains from this equa-
tion the perturbative Landau-Zener expression for the orientation averaged
cross section (21): I1/2

8n2 E2 (Rj
2  P2  11V( 2 /12/

LZ 3 v F - F ', - _- -R- -

21,

0.3

S0.2

0 0.1 -W .,

1 2 3 4 5 6 7

IFig C .ARAKIER b a.u.

Fig. 1.
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for - transitions, and twice this value for Z - v transitions. The general
conditions of validity for the Landau-Zener approach are known (22)(23), and the
simple formula /12/ often yields accurate values for 5 provided that the value
of !FI-F 2  is carefully evaluated. Furthermore, it permits drawing general con-
clusions as to the most favourable conditions to obtain sizeable LICT cross
sections with moderately high laser intensities. Transitions involving almost
parallel energy curves and a non-negligible dipole matrix element at large in-
ternuclear distances are obviously to be favoured. Large cross sections can al-
so be obtained (11) for photon-induced transitions between field-free energies
that either avoid crossing or present a double crossing; in both these cases,
however, the value of the integral /9/ is often not solely determined by the
points of stationary phase, and the basic assumptions of the Landau-Zener theory
are not fulfilled. Even then, eq. /12/ can often be used to obtain a rough
estimate of the LICT cross sections, and the accurateness of this estimate can
be predicted from consideration of the values of the molecular energies and
transition dipole moments as functions of the internuclear distance.

4. DRESSED STATE FORMALISM

It is well known that, in the very strong laser intensity r6gime, an appro-
piate physical basis in the theory of laser-atom(molecule) interactions is pro-
vided by the so-called dressed states, or molecular quasistationary states mo-
dified by coupling to the external AC field. These states can be determined by
using a quantized field approach, or equivalently in the semiclassical Floquet
theory (24-28). To be consistent with our semiclassical formalism, I shall adopt
here this latter theory, and I shall attempt an assessment of the usefulness of
this alternative approach over the more "conventional" one presented in the pre-
vious sections. Before exposing the theory, two differences between LICT and
laser-atom interactions are worth pointing out: i) the time interval when Hint
is effective is usually much longer in the latter processes; ii) Hel exhibits
an explicit time dependence, via the nuclear trajectory R(t), in the former
case. A rigorous theory of LICT processes in the dressed state formalism has
been recently put forward by Ho et al (8). These authors show that, in order
to construct dressed states p for each value of the internuclear distance, one
is led to consider first R an t as two independent variables, and look for
solutions of

[H (r.R) + H -i -I] (r,R,t) 
=  
t(R) o,(r'R't) /13/

el in t aSt R rRt)/3
where t are the quasi-energies;sC fulfills the periodicity equation:

_ r,R, t + ,)= P,(rR,t )  /14/

The standard procedure (24) is to expand s. in a Fourier series and in the com-
plete set of eigenfunctions of Hel:

C inwtinx i  /15/

in

Assuming the total photon number to be sufficiently large, the dressed wave-
functions Pc can be interpreted (24) as linear combinations of states consis-
ting of a definite photon occupation numbern and a given electronic structure
represented by X,. Substitution of /15/ into /13/ and /2/ leads to a secular
equation for the Floquet Hamiltonian:

[H F(R) - a (R) I] C (R) 0 /16/
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where H
F 

is an infinite dimensional block diagonal four-index matrix:

HF E+l+wPi R 6 +6 17

injm  Ei(R)+n ] ..j m E o. iR) [ 6mn+I + 
6
m,n-l /17/

where indices i,j refer to electronic states and n,m to photon occupation
numbers.The sought-for solution of eq./2/ is then expanded, for each value of
R, in terms of the complete set of dressed wavefunctions:

t

L a(t) a [r,R(t),t] exp i-if [R()J dt' /18/

yielding an alternative approach to the usual molecular expansion /3/. In ri-

gour, the quasi-energy spectrum {CS) of the Floquet Hamiltonian forms a con-
tinuum (29-31),and expansion /15/ is only useful when its first coefficients

decrease sufficiently rapidly so that it can be truncated to yield approxima-
tions {f ,m ) to the quasi-energy resonances. It can then be shown (32) that

this trunca ion requires the frequency w to be much larger than the difference
between AC Stark shifts. Since for LICT processes, heteronuclear molecular

electronic states have permanent dipole moments that increase with R, the use-
fulness of the formalism is limited, for a given intensity, to high enough fre-

quencies, and for a given w, (rather paradoxically for an ultrahigh intensity
method) to low enough I. When these conditions are met, one can restrict the

secular equation /16/ to that of a small block of the Floquet matrix. For
example, single photon processes can be treated by considering a 2 x 2
submatrix:

El C ° " 12

E 2  ± j/19/_o • 12 E 2 W

and succesive bordering of /19/ permits to treat multiphoton absorption or
emission.Substitution of /18/ in /2/ yields a system of coupled differential
equations for the coefficients, and in the dressed state picture the LICT pro-
cess is visualized as ocurring through transitions caused by radial couplings
at avoided crossings between the quasi-energies, which are situated at the
points of zero detuning in the previous molecular formalism. Since new radial
couplings <%Ija/aRl0s> need to be calculated, the practical advantages of this
dressed state formalism over the standard approach are not obvious. Moreover,

even within the two-state approximation /19/, when the radial coupling
<xlJa/aRjx > is effective in causing transitions, the dressed states arising
from the e~gensolutions of the infinite set of submatrices:

EI O 'l2 ~ El °'l2 E1± £o' 12

.. j ;O.2 ;... /20/

°12 E2 E2 ±w ° 'W2 E2 ±2

are, in general, all radially coupled, and the computational effort is thereby

enormously increased.
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5. CROSS SECTIONS

Calculated values of cross sections for laser induced charge transfer in
multicharged ion-atom collisions are reported in refs. (7)(9)(10)(11). To show
the basic characteristics of the cross sections as fupctions of wavelength and
nuclear velocity, I shall take the specific case of C1+ + H(ls) + hv collisions
(11), and present the results (calculated using eqs. /8/ and /10/) for the
orientation-averaged cross sections.

The energy correlation diagram for the CH6 + quasimolecule is presented in
Fig. 2. For R < 20 a.u. the entrance channel is described by the 5go molecular
orbital, whose energy diabatically correlates to C6+ H(ls) at infinite inter-
nuclear separation. The values of the transition dipole moments between this
channel and other molecular states are shown in Fjg. 3. For two nuclear
velocities:(1) 0.5 x 107 cm s-1 and (2) 107 cm s- , the orientation-averaqed
LICT cross section is plotted in Fig. 4 as a function of the laser wavelength,
for several processes with different characteristics. It will be noticed that
LICT cross sections have a common, and usefulfeature, which is their relative
intensitivity to the precise wavelength employed within a wide interval of x.
This favours the use of powerful (Nd,C02 ) lasers, and solid state frequency mul-
tipliers when the wavelength should be in the visible or ultraviolet. We also
notice that the final output of the reaction, i.e. the resulting radiation from
the C5+ ions, corresponds to soft X-ray photons, and this feature might be of
relevance in the development of short wavelength lasers.

Fig. 4a corresponds to 5ga-6hootransitions, and the maximum cross sections,
for a wavelength range 2600-3600 A are accurately given by the Landau-Zener
formula /12/ and a straight line trajectcry (V-O). It is worth pointing out that
the range of frequencies that yield a maximum j corresponds to a range of R.
(the point of stationary phase) from 10.65 a.u. to 12.2, while the 5go-6ho tran-
sition dipole matrix element peaks for R 7 a.u.. This shows that it is not op-
timal to use a laser frequency equal to EI-E at the distance where "12 presents
a maximum value, as might be thought at firsi sight. The reason may be seen from
eq. /12/: a larger value R,> 7 a.u. means that the magnitude of the transition
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dipole is decreased, but this .' overcompensated by an increase of the range of
impact parameters contributing to LIC (R. is larger in eq./12/) and an enhance-
ment of the effectiveness of the transition bccause the angle of intersection
of the electron + field energy curves E, "and E2 is -maller (CFI-F2 i is
smaller in eq. 112).

The cross section of Fig. 4b, corresponding to 5ga -4fa induced photon emi-
ssion, peaks for a values of x =4000 A. For these wavelengths, laser induced
transitions occur within the avoided crossing region between the field free
energy curves; then, as pointed out above, the Landau-Zener prediction /12/ is
not accurate. The same holds for the results of Fig. 4c, corresponding to 5ga-
4fr transitions, except that the reason is (obviously) not that the energy cur-
ves pseudocross, but that they are quasiparallel for the region of internuclear
distances (6<R<8 a.u.) where LICT takes place. Fig. 4d presents a further ins-
tance where, preciseiy in the wavel-nnth reqion where the cross section is lar-
gest, the Landau-Zener estimate /12/ is least d.Jae 4n this case because of
double crossing of the field free energy curves;in spite of the smallness of
the 5ga- 4da transition dipole (Fig. 3), this last case is an interesting one
because of the fact that in the double crossing region the energy curves are
very close to one another (their maximum separation is 0.0038 hartree). When
this happens, at long wavelengths (h >120000 A in this example) the contribu-
tions to the cross section of absorption and induced emission processes are
practically identical, and j is independent of laser wavelength. Then lasers
operating in the infrarred region of the spectrum can be directly used: e.g. a
CO2 laser could be-employed either directly or to optically pump a NH3 laser
Cx=120000-160000 A)so that high intensities could be used.

In the calculation of the previous results, dynamical couplings were assumed
to be either totally effective (as in the 5go-6ho avoided crossing which is
crossed diabatically) or totally ineffective, so that in either case they could
be neglected in the treatment of the LICT process. We compare in Fig. 5 the va-
lues of the orientation averageda (----- ) for a laser intensity I - 101 W cm
and wavelengths approximately corresponding to the maxima of 5 in Fig. 4, with
the values of the collision induced (33) cross sections for C6+ H(Ils) ->
C5 +(n=4) + H+( ----- ) and C6+ + H-C 5

+(n=5) + H
+ 

( .--- ). Because of the
sheoe of the cross sections, one can expect that competition between d/dR and
dipole couplings will only be important for the narrow range of nuclear veloci-
ties where laser and collision induced cross sections are of comparable nagni-
tude; then, to a reasonable approximation the total charge exchange cross sec-
tion will be given by the sum of the two separate contributions, calculated in-
depently. This assumption has been seen to be correct (10) in a calculation
carried out for K+ + Ca collisions, for a given relative orientation of the
electric field (fixed values of a and o in eq./7/). Of course, there is no a
priori reason to expect it to be valid when the collision -induced cross sec-
tion does not diminishi rapidly ith decreasing v.

6. CONCLUSION

In this report I have presented the theory of laser-induced charge transfer
(LICT) in ion-atom collisions for the range of impact energies in which a quasi-
molecular description of the colliding system is appropiate. Trivial modifica-
tions of the standard programs that calculate unassisted excitation and charge
exchange cross sections permit to obtain the LICT a for a given orientation of
the electric field with respect to the incident beam direction. To calculate
orientati n-averaged cross sections a a perturbative approach is accurate for
I v-I <109 W s cm-3 , and yields expressions /8/, /10/ which are much less time
consuming than the general approach. Often, the Landau-Zener expression /12/
provides reasonable estimates for j . The conclusions on an alternative formula-
tion which is often used in qualitative treatments of laser induced processes
-the so-called dressed state approach-, are rather disappointing to treat
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LICT ion-atom collisions; this point is further developed in ref. (32). Firstly,
new (sharp) radial couplings need to be evaluated in this alternative approach.
Secondly, when radial couplings between "undressed" molecular states cannot be
neglected in the impact energy range considered, one needs to include so many
dressed states in the expansion /18/ that the new formalism becomes in practice
exceedingly time consuming. Finally, because of the existence of diagonal matrix
elements of the radiation-matter interaction Hamiltonian, dressed states can
only be defined, for a given wavelength, for low enough laser intensities,which
is a disturbing feature for a high intensity approdch.

In the last section, the general characteristics of LICT cross sections of
multicharged ion-atom collisions have been exposed with the help of an example.
LICT cross sections are in general rather insensitive to the precise value of
the .:,velength employed, which is a desirable feature, especially when frequen-
cy multiplying devices Iust be employed. The intensities used in the example
are of the order of lOll W cm

-2
, which is high, though within present day tech-

nology; for v < 106 cm s
-
, smaller intensities can be employed since the orien-

tation averaged cross sections 5 roughly vary like I v
-
1 (eq./12/). Further

advances in the study of LICT processes await the appearance in the literature
of experimental counterparts to the theory.
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The velocity space distribution of electrons emitted near the forward

direction from collisions involving fast, highly stripped oxygen ions
with gaseous and solid targets is presented and described in terms of
multipole moments of the ejected charge distribution, which permits direct

comparison with recent theory. The results are from a novel apparatus
permitting rapid and efficient data acquisition by employing position-
sensitive electron detection to combine emission angle definition with
conventional electrostatic spectrometry. Excellent agreement is obtained
between distributions observed for electron loss to projectile continuum
processes and recent theory in the case of argon targets; less favorable
results for simpler helium targets may indicate the need for theoretical

study of higher order inelastic processes in that case. The multipole
content observed with a solid target is consistent with a conceptual
model of convoy electron production dominated by electron loss from the
projectile within the bulk of the target and may signify the importance
of steady-state production of excited states within the bulk solid.

1. INTRODUCTION

1.1. Overview
The spectrum of electrons emitted near zero degrees in ion-atom anJ ion-

solid collisions is dominated by a strong 'cusp'-shaped peak corresponding
to electrons nearly matched in vector velocity to that of the projectile
ion. Recent advances in experimental technique and theory permit new

insights which simplify resolution of early puzzles over the spectrum of such
electrons and suggest new approaches to long-standing questions about the
importance of excited states of ions traversing condensed matter. In short,
the signature of cusp electrons produced by capture processes is now seen as
the result of a strong dipole moment in the emitted charge distribution,

explainable In second Born approximation; that produced by projectile
ionization processes is a transversly emitted charge distribution character-
ized by even-order multipole moments (monopole, quadrupole, hexadecapole,
etc.) and maximum multipolarity k = 2n determined by the principal quantum
number n of the contributing projectile orbital; the cusp produced by swift
charged particles passing through solid materlais possesses the transverse
signature of the projectile loss mechanism and becomes enriched in high-order
multipoles with increasing projectile speed, suggesting steady-state excita-
tion of high n-states during passage of the bulk material.

1.2. Background

Because of various experimental difficulties associated with performing
electron spectrometry in the direction of a fast, intense ion beam, the
mere existence of this prominent forward peak went unnoticed until the 1910
letter of Crooks and Rudd (1), who observed it in proton collisions with
helium targets, and the only slightly later work with solid targets performed
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by Harrison and Lucas (2). Since then, two fundamental processes have been
identified as contributing to the forward peak: projectile capture of target
electrons into low continuum states in the projectile rest frame, often
referred to as Electron Capture to the Continuum (ECC); and loss of projec-
tile electrons due to collisions with the target, or Electron Loss to the
Continuum (ELC). Production of electrons In the forward peak in ion-solid
collisions is more complex, and must involve some combinacion of at least
these two processes and may involve others as well (3,4); in solid colli-
sions, the forward vaK eiectrons are named convoy electrons. The generic
phenomenon is frequently called Electron Transfer to the Continuum (ETC).
Several reviews of relevant experimental work have appeared (5-7).

Early theoretical work (8) showed the existence of the forward peak to
be the consequence of the population of final states in the~low-lying
continuum of the projectile, i.e. states having velocities v in the projec-
tile rest frame (PRF) approaching zero, Under these circumstances the
normalization factor associated with the Coulomb waves needed to describe
emitted electrons interacting with a charged projectile leads to a cross
section do/dv which diverges as 1/v. This singularity is integrable and is
integrated by any detection apparatus with finite solid angle, giving rise to
a cusped peak in the laboratory frame (LF) cross-section. Further, there
exists an intimate connection between the divergence of the ETC amplitude and
the density of high Hydberg states; this connection is the result of tie
expectation that the probability per unit energy interval for finding an
electron in a particular state is constant or continuous as the ionization
limit is crossed.

Although the existence of the ETC cusp is merely a consequence of the
Coulomb final state interaction, the details of the shape of the cusp reflect
the entire history of the collision: anisotropies arise in the doubly diffe-
rential cros section (DDCS) which are collision mechanism-dependent.
In a recent theoretical paper, Burgdbrfer (9) has developed a density matrix
description of the ELC process which exploits smooth continuation of projec-
tile excitation across the ionization limit to show that a set of dynamical
multipoles originally introduced to describe bound-state coherences are
suited for the description of continuum-state coherences as well. Conse-
quently, the anisotropies In the DDCS for ELC can be espressed as expectation
values of the dynamical multipoles. These dynamical multipoles contain the
orientation and alignment parameters introduced by Fano and Macek (10) as a
subset. In the Rydberg limit they reduce to multipoles of a constant of the
motion, the Runge-Lentz vector A, which in a classical picture points from
the heavy particle to the electron perihelion, is proportional to orbital
eccentricity, and defines the principal axis of the electronic orbit.
Burgd~rfer has since shown the method to be extensible to other ETC processes
and to collisionally excited Rydberg manifolds (II). A unified approach thus
emerges In which the same fundamental parameters describe the populations of
cusp (ETC) and Rydberg electrons.

In the framework of the method advanced by Burgdbrfer, the DDCS for ETC
processes is expanded in the zero-velocity limit as

dV k-0

where v in the electron PiF emission velocity, Pk are the Legendre poly-
nomials, ano Ok are the asymmetry parameters derivable from the theory. Con-
tact can also be made with the double-series expansion of the DDCS introduced
by Meckbach, Garibotti, and co-workers (12) and employed In previous work in
our laboratory (13) by expanding the Ok to account for finite-velocity
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corrections to the cross section:

(5 . (a B v
j 

P (cose) [2]

dv k,j=0

Most experimental data on ETC processec to date, as typified by measure-
ments presented in references (1),(2),(6),(12), and (13) for example, have
been singly differential (in electron energy or longitudinal velocity
component), even though in most cases a small range of collection angles have
been employed. As a result, much of the collision-dependent information
contained in the above DDCS expansions is lost in apparatus-dependent
averaging over emission angles interior to the spectrometer collection cone.
At the end of this paper, I will describe in more detail an apparatus and
method developed in our laboratory which subdivides a forward-oriented
collection cone of about 5 degrees half-angle into differential angular
elements of about one-third degree full angle. These elements are sized so
that the effective angular resolution in the PRF corresponds to a diffe-
rential slice in transverse electron emission velocity vt of a size compar-
able to that of the slice in longitudinal emission velocity vt determined by
the electron spectrometer employed. The apparatus collects data simultan-
eously from all elements within this forward cone by means of position-sens-
itive detection techniques and thereby permits efficient data acquisition,
eliminates mechanical scanning linkages, and automatically determines the
zero-degree direction. Sample ciission distributions will be presented and
interpeted in the framework of tne multipolar expansion described above and
related to specific theoretical results.

2. PROJECTILE ELECTRON LOSS (ELC)

2.1. Previous theory and experiment
ELC is most conveniently described in the projectile rest frame and 'n

terms of projectile ionization to low-lying continuum states by means cf
collisions with the target nucleus and target electrons. From previous
experiments measuring ELC from heavy ion projectiles in single collisions
(6) it is known that the singly differential ELC cusp has a full-width-at-
half-maximum (FWHM) which is smaller than expected and does not scale with

projectile velocity as predicted by the earliest theories (14) of the
process. While later theories (15) explicitly provided for anisotropic
emission which in principle could account for this behavior, detailed
agreement was not obtained for two reasons. First, the theory applied to

loss of ls projectile electrons, requiring a fully stripped L-shell (e.g. 07+

or 06'); ompetition from ECC capture processes produces roughly an equal
contribution to the cusp (6) under these circumstances with heavy ions. As
we shall see later, the ECC process is anisotropic also, but with a
strikingly different uistribution than ELC.

It is possible to generate ETC cusps which are dominated (by roughly
10 to 1) by ELC by employing projectiles which carry more loosely-bound
n=2 electrons (e.g. 05+). The density matrix description of ELC developed
by Burgdbrfer (9) addresses the role of L- as well as K-shell electrons,
thus permitting comparison with non-coincidence experiments, but more
importantly provides a previously unnoted signature of ELC in the context of
the first Born and hydrogenic projectile wave function approximation: in the
cross-section expansions presented in Eq.s [23 and [3], all od.-order
multipoles vinish, and only those even order multipoles beginning with k = 0
and extending through k = 2n occur, where n is the principal quantum number
labelling the orbital from which the electron is lost. Thus for ELC from
projectiles having L-shell electrons, one expects only monopole ($O),
quadrupole (B2), and hexadecapole (l4) moment terms in the DDCS expansion.
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This leads to a distribution in v-space which is transversly enhanced and
thin-waisted longitudinally, and produces a singly-differential cusp,

integrated over a small, fixed range of 0 and all 0, which has a FWHM that is

relatively narrow and relatively independent of projectile velocity.

ECC has received much detailed experimental and theoretical attention in

the case of fast, heavy projectiles, most of which has centered about
explaining the strong skewing of the singly-differential cross section (SDCS)

toward emission of electrons slower that the projectile. References to -st

of the work pertinent to the present discussion, including theoretical

approaches, can found in the recent experimental paper by Berry et al. (13).

The observed asymmetries of the ECC SDCS cusp are shown in that paper to be

the result of a strong dipole moment in the emitted electron distribution.

As discussed by Macek et al. (16), the presence of a dipole moment of this

nature implies the necessity of second Born approximation terms in the cross

section, as originally pointed out by Shakeshaft and Spruch (17). While

instrumental in advancing our understanding of ECC, most of these treatments

are of only qualitative use, as they are restricted to one-electron targets.

A notable exception is the work by Jakubassa-Amundsen (18) based on expansion

of the Faddeev equations in an impulse approximation, which obtains good

agreement with the ECC cusp shapes observed with He targets and vp - 17 au

neon and oxygen projectiles.

2.2. Present observations and multipole content

Doubly differential distributions obtained in our laboratory with the

apparatus described in Section 4 are shown in Figure 1 for the specific

instance of 82 MeV 05+ in single collisions with Ar. The isometric display

' 82 MeV 05+

i n Ar

27 0

28

30 E(keV)

FIGURE 1

Doubly differential emission distribution observed for the forward peak in

collisions of vp = 14.3 au 05+ ions traversing a thin argon gas target.

format used in that figure is of limited utility in discussing emission
distributions; a better display is obtained by showing only contours of equal

emission intensity, with the longitudinal (emission energy) and transverse

(emission angle) axes scaled so that equal intervals in either direction

represent approximately equal intervals in longitudinal projectile frame

emission velocity vt and transverse projectile frame emission velocity vt.

Such contoured data, corresponding least-squares fits (described later), and

theoretical predictions are shown in summary form in Figure 2. The data

shown are contours of equal intensity of electron emission in the emission-
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FIGURE 2
Contour plots for ELC by 05+ in Ar and He at Vp - 14. 3 au, and ECC by 0

8 + 
in

Ne at 15.4 au. Contours shown represent multiples of 12.5% of the peak
height. Horizontal scale represents lab frame electron energy; vertical
scale represents polar electron ejection angle. Scaling is chosen so that

isotropic emission would produce essentially circular contours.
(a) Measured distribution for Ar target. (b) Corresponding best fit to (a),
normalized to peak height of data. (c) Theoretical distribution (Ref. 11)
after convolution with spectrometer acceptance, also normalized to peak of
(a). (d) Measured distribution for He target. (e) Corresponding He target
fit, normalized to peak of (d). (f) Measured ECC distribution for 15.4 au
0
8
" in Ne.
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energy and polar-emission-angle plane for single collisions of Vp - 10.1,
14.3, and 16.2 au 05+ ions with He and Ar targets. As expected from the
preceeding, the distributions are dominated by ELC from the loosely bound n
2 levels by an order of magnitude over ECC and ELC from n = 1. The immediate
appearance of these data are of strongly transverse emission, as predicted by
BurgdZlrfer's calculation (9,11), and in striking contrast to the strong di-
pole character of the ECC distribution obtained from a vp - 15.4 au collision
in Ne. Also shown is the theoretical angular distribution calculated by
Burgd~rfer, convoluted with the spectrometer acceptance function S(ve,Qe)
(discussed in section 4.2).

Table I presents a comparison of experimentally extracted (by means of
a fitting procedure discussed in section 4.2) and theoretical values for the
asymmetry parameters B2 and B4 (with B0 1) as defined in Eq. 11]. Also
shown in the table are ELC cross sections extracted from the DDCS data
by integrating over the velocity interval vp ± 0.5 au and over a forward
collection cone of half-angle 60 = 1.8 deg. Agreement of the Ar target cross
section with the value published previously (6) for Vp = 10.1 au is satis-
factory, and with theory is at the factor-of-two level.

TABLE I. Comparison of experimental fit results with
theoretical results of Burgdbrfer (Ref. 9 and 11). Where
multiple data sets were available, the fitted values
represent the mean, and the statistical standard devia-
tion of these averages (expressed as a percentage of the
value) appears ber. ath the coefficients in parentheses.

Vp GEL C  B. B,

(au) Gas (kb) Exp. Th. Exp. Th. X2 a

16.2 Ar 220 -0.68 -0.70 0.13 0.18 1.74
(0.0) (0.0) (8.!)

He 5 -0.23 -0.66 -0.07 0.15 2.4

14.3 Ar 230 -0.62 -0.67 0.12 0.16 1.64
(3.2) (16.7) (17.2)

He 8 -0.43 -0.64 0.06 0.14 1.83

10.1 Ar 330 -0.26 -0.56 0.05 0.10 1.55

He 3 -0.23 -0.51 -0.04 0.07 1.85

aReduced X2 as defined in Reference 26.

Excellent agreement is obtained for fitted values of the multipole
strengths Bk of the argon data at the higher two velocities; the lesser
agreement at 10 au is not of concern because the first Born approximation is
suspected to be less accurate at lower vp (9,11). The lack of agreement
between helium target data and theory is of much greater concern. The
simpler structure of this target and the use of more accurate scattering
functions (9) than were available for argon would at first suggest a more
accurate description for helium. An experimental source of a difference
between these targets is unlikely because the data sets were alternately
acquired for He and Ar targets by merely switching between target gas bottles
on a time scale of minutes, while the accelerator operators were instructed
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to leave all beam conditions (i.e. focusing and steering) unchanged.
Further, although pixel-by-pixel 'gas-dump' background subtractions (see
section 5) contribute more heavily to statistical and systematic errors with
helium targets, the ELC to background ratio at the cusp peak was a 11:1 in
the worse case (at vp - 16.2 au where t-Ray induced photoelectron baokground
flux at the detector is most serious).

Lacking a known, sufficiently large source of experimental error that
would selectively affect the helium data, we speculate that doubly inelastic
collisions between the active projectile electron and target electrons may be
responsible for the difference. In particular, Burgddrfer takes target-
inelastic processes into account within the framework of a closure approxi-
mation and discusses it as a potential source of inaccuracy (9,11). Since
the contribution of target-inelastic processes is fractionally more important
for He because of its much smaller nuclear charge, study of the adequacy of
the approximation seems to be indicated. It is also possible, of course,
that an as yet unidentified excitation Or ionization process is occurring
either in addition to, or 'n combination with simple electron lo:s to the
forward peak.

Applications of this confirmation of the even-order multipole nature
of ELC processes to a more detailed study of ELC itself, especially with
the addition of coincident-measurement of the post-collision charge state,
or to the study of the convoy production process as described in section
4, are obvious. In addition, the method is applicable to the interesting
experiment of Andersen et al. (19) who studied coincident double electron
capture by 20 MeV Au15 + ions in He, one to a continuum state and one to
a bound state. They find that the measured cusp shape (singly differential)
is much more suggestive of ELC in its forward-backward symmetry than of
the asymmetric shape they measure for ECC. In explaining how a captured
electron can display the signature of a loss process, they conjecture the
formation of a two-electron (quasi-bound) capture event involving a tightly
space-correlated, two-electron wave function that rapidly autoionizes, pro-
ducing a continuous energy spectrum characteristic of loss and having
'forgotten' its original capture origin. If so, the details of the angular
distribution of this released electron could reveal much about the hypothe-
tical correlated intermediate state. The methods presented here are ideally
suited to confirmation and further Itudy of this potentially important
observation.

3. CONVOY ELECTRONS FROM SOLID TARGETS

3.1. Previous theory and experiment
The question of the extent to which charge and excitation states of ions

are well-defined during passage through condensed matter targets and the
relationship those states bear to measured charge and excitation states
after passage is a long-standing one (20) which has gained much attention
(21). It is often argued that high states of excitation have no meaning in a
solid, especially when the characteristic orbital size - n2ao/Zp exceeds
interatomic spacings. In models that take this approach, it is necessary
that the processes which determine the exit charge and excitation state of
the projectile occur in the last one or few atomic layers or in the electron
'selvage' that penetrates into the vacuum beyond the last layer. In the
context of the production of convoy electrons, Yamazaki and Oda (3) have
presented data that appear to favor such a last-layer mechanism.

On the other hand, the (singly differential) shape of previously reported
convoy electron spectra produced by heavy ion passage through thin amorphous
foil targets and channeled through single crystals have been most easily
interpeted in terms of an electron loss (ELC) process occurring in the bulk
medium, accompanied by elastic and inelastic scattering of the liberated
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electron (6). The channeling data indicated a precursor electron capture
inside the solid, probably to an excited n-state, followed almost immediately
by loss to convoy states, since to a first approximation low-n electrons of
well-channeled projectiles interact with neighboring lattice sites (and
become ionized) only when the characteristic projectile size exceeds the
channel dimensions. In these measurements, performed in concidence with the
emergent projectile charge state, little or no correlation was observed
between convoy production yield and emergent charge state, at the projectile
velocities (8 - 10 au) studied. This left a puzzle, as mean free paths for
free electrons at the velocities in question were known to be -20 A, whereas
the mean free paths for projectile charge changing was -200 A. It therefore
seemed unlikely that a projectile responsible for convoy production would
subsequently change charge state and should therefore be associated with the
convoy in a coincidence measurement. Z (or Q) dependence of the capture
and subsequent loss processes was then expected to produce convoy production
n.oticably stronger for some emergent charge state. Such was not found to be
the case. Even if an additional process acting at the exit surface
contributed to the final charge state, one would not expect the association
between projectile and convoy electron to be completely broken.

Additional, although indirect, evidence that a bulk ELC process is
involved in the production of high Rydberg states of foil-excited ions has
been recently reported by Betz (4). Further, a study (22) of the target-
thickness dependence of convoy production shows a gradual increase in
production over thickness ranges of many hundreds of atomic layers, sugges-
ting anomalously long mean free paths for convoy electron scattering (compar-
ed to free electron values) as well as bulk production.

Our recent measurements of the multipole moments of the emitted charge
distribution, while limited in scope, are intriguing in that they suggest the
feasibility of applying knowledge gained from ELC studies such as those in
the previous section and extensions of theoretical studies like those of
Burgdbrfer (9) to probe the processes leading to convoy emission from con-
densed matter targets. They reveal multipole content of order well beyond
the quadrupole and hexadecapole moments obtained for ELC from n = 2 orbitals
and offer an opportunity to perform unique, new measurements sensitive to
excitations of swift projectiles that occur while immersed in bulk material.

3.2 Present observations and multipole content
Figure 3 presents contoured emission distributions we have observed for

convoy electron production together with corresponding data for ELC from
equal velocity 0+ in argon. The targets employed (15 g/cm 2 ) were substan-
tially below equilibrium thickness. The resemblence between the convoy cusps
and those for ELC is striking - both are strongly transverse - and the convoy
data displays no evidence of the strong dipolarity which is the hallmark of
ECC (see Figure 2f). We interpet this feature of the data to signify a
prominent role for ELC in the convoy production process. The displayed ELC
and convoy distributions differ in one important respect, however: attempts
to fit multipole moments to the convoy distributions in the same manner as
was done with the ELC data produced poor results until multipoles of order up
to k - 10 were included in the fitting procedure. The resulting fitted
values of Ok are given in Table II for the three impact velocities studied.
As can be seen from a close examination of the Ok values, the enhanced
multipolarity of convoy emission skews toward higher multipoles with increas-
ing projectile velocity. Recalling that the maximum predicted multipolarity

Pk of ELC from a given n level is k - 2n, the data then suggests convoy
production which behaves as loss from highly exicted states formed by capture
or capture plus excitation within the bulk material of the target. Also
shown in the table are values of Bk Ok(convoy)/Ok(ELC) for k - 2,4, which
reflects the extent to which high k values for the convoy distributions rise
beyond those for ELC at larger projectile velocities.

The observation of high n,t excitation within the target agrees with
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Vproj 10.1 14.3 16.2 au

FIGURE 3
Contour plots of emission distributions for convoy electrons produced in thin

carbon targets compared with those for ELC in argon. Contour levels shown

represent intervals of 20% of each peak height. The horizontal dimension of

each plot represents longitudinal velocity components; the vertical dimension

is transverse to the projectile direction. Equal velocity scales are shown

in each direction, with the bar indicating an interval of 0.2 au. Isotropic

angular distributions would have circular contours.

recent assertions made by Betz, et al. (4) that such high states, produced

within the bulk, are required to explain long-lived cascade tails of foil-

excited S
15+ Ly a.

The power and speed with which our method can determine high-order

multipole content of ejected electron distributions and the inferred connec-

tion with high n,. excitation make several follow-up measurements of inter-

est. Perhaps most obvious is a measurement of the target thickness depen-

dence of the multipole content of convoy emission; addition of coincident

detection of emergent ion charge state would permit measurement and compari-

son, in the same apparatus and under the same conditions, of mean free paths

for convoy electron production and extinction and for projectile charge-

changing. While it is expected that elastic and inelastic electron scatter-

ing processes which occur after convoy production and prior to or during exit

from the foil surface (including the effect of the exit potential 'step')

must be taken into account in any detailed examination of convoy multipole

distributions, the strong Coulomb 'focusing' (23) provided by the nearby

projectile ion may make these effects smaller that they would appear to free

electrons of the same speed, at least for the highly charged ions studied

here.
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TABLE II. Comparison of 8 k values for convoy distri-
butions with those for ELC. Also shown are the even
order coefficient ratios Bk defined in the text.

Vp (au) Target B2  B B6  B8  B1 0

16.2 Carbon -0.78 0.25 -0.32 0.19 -0.16
Ara -0.68 0.13
Arb -0.70 0.18
Bk 1.1 .9

14.3 Carbon -0.82 0.29 -0.26 0.07 -0.03
Ara -0.62 0.12
Arb -0.67 0.16
Bk 1.3 2.4

10.1 Carbon -0.48 0.11 -0.18 0.09 -0.05
Ara -0.26 0.05
Arb -0.56 0.10
Bk 1.8 2.2

aExperimental values from Reference 6.
bTheoretical values from References 9 and 11.

4. METHOD

4.1. Apparatus
The electron spectrometric apparatus used in this work closely resembles

that used in earlier experiments (6) on ECC, ELC, and convoy production,
but differs in that electrons which have been energy-analysed are detected
in a manner that recovers emission angle information. The major elements
of the apparatus are diagrammed in Figure 4. The target region, which
is a -0.5 cm thick cell for gaseous targets and a self-supporting foil for
solid target measurements, is viewed by a spherical sector electrostatic
spectrometer having a mean deflection radius of 5.5 cm and a deflection
angle of 160 deg. As is nearly universal in ETC apparatus, the primary
ion beam exits the spectrometer through a hole in the outer spherical sec-
tor. Apart from small aberrations and in the absence of extraneous fields,
the focusing properties of the spectrometer reestablish, with unit magnifi-
cation at the exit aperture, the in-beam angular distribution of electrons
having energies within the spectrometer pass-band. Collision region emission
angles thus correspond one-to-one with arrival angles at the exit aperture.
A drift region 15 cm in length following the exit aperture permits the pre-
served emission angles to develop into transverse position coordinates at
the location of a position-sensitive detector (PSD).

The PSD consists of a tandem chevronned pair of microchannel plate
electron multipliers, which preserve the primary event position information
during the amplification process, followed by a circular-arc-terminated
resistive anode of the kind first described by Lampton and Carlson (24).
Four charge pulse outputs at the corners of the anode are independently
amplified and then decoded using a simple ratiometric method to recover the
primary event position and thus the emission angles or, more fundamentally,
the transverse velocity components as a digital quantity that, in combination
with the spectrometer pass energy, determines the emission coordinates of the
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FIGURE 4
Schematic diagram of t'.e sp-_-trometric appar.atus, equipped with position-
sensitive detection to achieve resolution of emission angles.

detected electron. By acquiring such data for a sequence of pass-band
energies (by scanning the deflection field), the entire three-dimensional v-

distribution of the ETC cusp can be obtained (in velocity space the projec-
tile and laboratory frame distributions are related through the simple trans-
lation vPRF = VLF - vp, where vp is the projectile velocity). While the

intrinsic position resolution of the PSD alone is 100 to 150 pm, the corre-
sponding angular resolution of - 0.05 deg is broadened by the size of the
1 mm diameter spectrometer exit aperture (1.5 mm for ECC data) to - 0.35 deg
(0.5 deg). The latter figure is improvable at the expense of counting rate.

The spectrometer energy resolution is 0.9% FWHM (1.4% FWM for the ECC
data).

Not shown in Figure 4 are a pair of parallel mesh grids (80% transparent)
oriented perpendicular to the axis of the drift space, spaced 3 mm apart,
and located immediately prior to the microchannel detector entrance. The
grids are biased to reject stray, low energy electrons. Also not shown
are a pair of transverse deflection plates in the drift space which can
be used both to compensate for deflection of energy-analyzed electrons
induced by residual magnetic fields. The local magnetic field in the region
of the spectrometer is nulled by a triplet of coils external to the vacuum
system. Target gas pressure is controlled by a piezoelectric valve and
monitored by a capacitance manometer. Beams of 0q+ ions, q - 5,8, having
vp - 10.1, 14.3, and 16.2 au were collimated and stripped of convoy electrons

produced upstream of the apparatus by a pair of shielded electrostatic
deflector plates.

4.2. Analysis of multipole content
The three-dimensional (differential in emission energy and polar and

azimuthal angles) distributicns produced by the apparatus are assassed for
multipole content by means of a fitting procedure (25) based on the multipole
expansions discussed in the introduction. The method is a straightforward
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extension of that used for previous data published by our laboratory (13).
In brief a trial function based on the double-series expansion in Eq. [2]
and trial values of the parameters BkJ is convoluted with the spectrometer
sensitivity function S(Ee,Qe), which in turn is assumed to be separable:

S(Ee ne ) - R(Ee ) G(e, e ) e e3e

R(Ee) describes the spectrumeter resolution and is approximated by a
trapezoidal function characterized by a top width (TW) and a full-width-half-
maximum (FWHM), whereas G(ee,0e) describes the angular resolution and is
approximated by a 'pillbox' function which is unity within an angle
6Y - (angular resolution)/2 of the central direction (Be, e). The inte-
gration implied by the convolution is done numerically. The fitting algo-
rithm is based on the method of linearizing the trial function in the chi-
square space formed by the variable (fitted) parameters, combined with a
gradient-least-squares procedure as formulated in Bevington (26). The
fitting routine permitted variation of an arbitrary subset of the above
parameters while keeping the remainder fixed, to assess the importance of
particular terms in the expansion with regard to the quality of the fit.
Background subtraction was also incorporated into the fitting procedure using
background emission distributions acquired specifically for that purpose.
Because of the essential singularity of the DDCS for ETC processes at v = 0,
the cusp distributions are almost entirely determined by the spectrometer
sensitivity function S at the peak of the cusp. To examine the sensitivity
of the fitted parnmeters tu the assumptions made in the spectrometer convolu-
tion, the fitting procedure also permitted the exclusion of data within one
spectrometer sensitivity 'volume' of the cusp peak.

5. SUMMARY

Electron capture and loss to projectile-centered continuum states both
produce a cusp-shaped electron emission spectrum centered at vp in velocity
space and possessing a measured shape which is directly interpetable through
multipole moments of the ejected electron charge distribution. Observed
moments range from monopole to hexadecapole and beyond. For high projectile
velocities, capture cusps typically differ from loss cusps by exhibiting
larger longitudinal spread and large dipole moments parallel to vp. Loss
cusps at similar velocities display larger transverse spread characterized
by only even-order multipoles. By applying the principle of continuity
of population amplitudes across the ionization limit, these multipole distri-
butions are predicted for similar collisions which populate high Rydberg
states and experiments testing this conjecture are indicated for the future.

Comparison of ELC cusp moment distributions with those for cusps produced
by passage of ions through solids implies a dominant role for" bulk ELC pro-
cesses in the formation of the convoy peak. In addition, the presence of
high-order moments indicates the possible importance of steady-state
excitation of high n-states as projectiles traverse the bulk, and suggest a
variety of further measurements that may shed light on the interesting
problem of the state of ionic projectiles traversing cL. ,sed media.
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MULTIPLE SCATTERING CONTRIBUTIONS IN ELECTRON CAPTURE THEORIES
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Recent advances in the inclusion of multiple scattering contributions in per-
turbation approaches to the electron capture process are reviewed. Special
at ontion is given to the structural and asymptotic properties of existing
theoretical models, as well as to the search for possible experimental evi-
dences of multiple scattering effects in charge exchange collisions.

1. INTRODUCTION

The well-documented deficiencies of the single scattering approximation
(hereafter referred to as the first Born (BI) or Oppenheimer-Brinkman-Kramers
(OBK) approximatien) in ion-atom collisions have led theorists over the years
to look for more adequate alternatives (I). The unescapable necessity of inclu-
ding higher order (multiple scattering) terms in the description of the colli-
sion mechanism is particularly acute in electron capture collisions where the
double and not the single scattering contribution is known (2) to dominate the
total cross section at high (but non-relativistic) scattering energies, in dis-
tinction to the processes of excitation and ionization. The inclusion of mul-
tiple scattering contributions in perturbation approaches to the electron captu-
re process provides the leit-motif of the entire discussion which now follows
and is the central theme of this presentation.

Because of the special r~le played by the second order term in charge exchan-
ge, I devote Section 2 to the comparison of the single versus double scattering
mechanism and present some perhaps unfamiliar aspects of the second Born (B2)
approximation. Section 3 tells the saga of the birth and rise of multiple scat-
tering approximations which have recently been proposed. The arcct is placed
not so much on a detailed discussion of the various scattering models but more
so on their structural content resulting from successive approximations of the
exact expression. New results concerning the high energy behaviour of the res-
pective approximations are also briefly discussed. The penultimate Section 4
addresses itself to the comparison theory/experiment in two cases where the BI
approximation fails miserably. This provides a unique experimental and theore-
tical "measure" of multiple scattering effects. Finally, I conclude and summa-
rize in Section 5.

Atomic units are used throughout.

2. SINGLE AND DOUBLE SCATTERING CONTRIBUTIONS

2.1 Some Notation

Let us consider for simplicity the collision of a fully stripped projectile
(P) on an hydrogenic target (T). The capture process is characterized by the
charges ZT , Z p and masses MT , Np of the target and projectile respectively,

as well as by the initial and final bound state quantum numbers which I denote
succintly by i = (ZT,n'l'm') and f = (Zpnlm) .

The exact transition amplitude is then expressed as
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tfi ,fI VT, P  VG+V i> (2. )

where the notation VT  means that the prior V I or the post , VT , interac-

tion of the electron *ith the projectile or target can be used interchangeably.

G is the full Green's operator associated with the complete Hamiltonian, H ,
which reads in terms of the initial and final unperturbed Hamiltonians, HT and
Hp I

H = H0 + VT 
+ 
Vp - HT + Vp P Hp + VT (2.2)

where H is the kinetic energy term. The corresponding wavefunctions, 'i
and of ,o satisfy the equations

HT q > = E i,> Hp ,f> = E i ,> (2.3)

at the same total energy E. Remark that I disregard from the onset the inter-
nuclear interactinn' V , consistent with a formulation accurate to O(m/MT P).
This is permissible at orward scattering angles where the dominant eontribu-'
tions to the total capture cross section arise.

By using the formal expansion

G = Co E ((V + V ) Go0 (2.4)
o n T P o

in terms of the free Green's function G , and inserting in (2.1), one obtains
the Born series. In particular, retainixnog only the first term in (2.4), we ar-
rive at the second Born amplitude

t ~ V +VV A P>

B2 "f T,P 
+  

T P i

- t
( I) + t (2) (2.5)

t
(
1
) 

being the single and t
(2)  

the double scattering contribution to the B2
amplitude.

2.2 Two capture mechanisms

The mechanisms underlying the single and double scattering contributions are
perhaps best understood from the high velocity behaviour of the first, 0-BI'
and second, B2 I Born cross sections. High velocity means v >> max(v ,v )
where v and v are the characteristic orbitai velocities in the initial
and final states. The analysis for BI is elementary and leads to the fol-
lowing velocity dependence

BI = v 12-21'-21 (2.6)

which is easily understod as follows.
Since a free clectron cannot be captured in a single binary collision, one

i faced with a full three-body problem. Furthermore, that the electron does
not change velocity during capture in the first-order approximation implies,
therefore, that the single scattering mechanism (at high velocity) must operate
with recourse to the high momentum components of the Fourier transforms of the
wavefunctions in the initial and final state. These components fall off rapidly
with increasing momentum as v

-4-
k , explaining the strong velocity dependence

of the single scattering mechanism.

In contrast, the double scattering amplitude gives rise to a v dependence
independent of the initial and final orbital momenta, reflecting the fact that
the initial electron can be considered as free, or alternatively, that no high
momentum components are needed to mediate capture. This result was first deri-
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(P, Mp) (e, m) v
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FIGURE I

The classical Thomas scattering for electron capture (m < P , YT).

ved by Drisko (3) whose analysis demonstrates that the quantum mechanical ampli-
tude co-itains a dominant part which corresponds to twD separate binary colli-

sions, thereby reconciling the quantum mechanical calculation with the classical

mo l of electron capture proposed by Thomas (4), a model which also prelicts a

v fall-off of the cross section.
The classical description breaks up the three-body collision into two succes-

sive binary collisions where the electror first scatters off the projectile ion

through 600 with respect to the beam direction and then through 600 off the tar-
get nucleus in such a way as to leave the electron with almost zero momen-tYT
with respect to the projectile nucleus (Fig. I). In this picture, the v -4

originates from the pro,. Jt of 3two Coulomb scattering cross sections ( v

and a geometrical factor v (2).
One notices that in the process the projectile is sattered by a small but

finite angle 9T (called Thomas angle or more generally "critical angle" (2,
5,6)) which in our case, i.e. m P , M T , is given by

T = m sin 600 = m /3 (2.7)

For proton impact, 3T 
= 

0.475 mrad 0.0272 . This prediction together with

the equivalence of the Thomas scattering and the second Born approximation leads
one to speculate (2) on the possible observation of the double scattering con-

tributiov in a differential scattering experiment. Although the search for the

"Thomas peak" must have resembled at times the search for the Holy Grail, a re-

cent experiment performed by Horsdal-Pedersen, Cocke and Stbckli (7) has suc-
ceeded to isolate the manifestation of the double scattering mechanism (Fig. 2).

Instead of a sinyle peak at the Thomas angle, they observe at high but non-
asymptotic velocity a shoulder (around 0 T ) in the differential cross section

superimposed on a fast decreasing background, where the width of the structure
reflects the finite momentum distribution of the captured electron.

A few remarks are worth mentionning. First, the success of this experiment

ha' sparked renewed interest (6) in the appearance of critical angles in the ge-
neral three-body collision where collision partners and hence mass ratios are

taken arbitrary. Second, second order effects are not necessarily a particula-
rity f rearrangement process, but are also present in break-up collision as

predicted and measured (8) in the triple differential cross section of electron

impact ionization, (e,2e) process. Third, the experiment of Ref.7 has taught us
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FIGURE 2

Experimental observation of the Thomas peak (7) compared with various theore-
tical models. From Ref. 10 .

that although a second Born calculation reproduces qualitatively the data, it is

however necessary to resort to multiple scattering theories (Section 3) in order
to obtain quantitative agreement (9,10).

The asymptotic second Born cross section obtained by Drisko (3) for Is - Is

capture is given by

aB2 = 5B (0.295 + 5n v ) (2.8)

2 ZT+Z p

which is the special case of a more general formula (1I), namely

3B2 = 
0
B] (a. + av + .-. + a2k,+2 Z+lv 

2
V+

2l+l) (2.9)

valid for arbitrary initial and final states. Inspection of (2.8) indicates

that in the integrated cross section the second term does not become equal to
the first before v = 80 a.u. (for Z =Z =1) although the presence of the double
scattering is perceptible already at v =0 a.u. (7). Since the dominance of the

double scattering (v
-1
') versus the single scattering (v

- 
12

- 2
XI

- 2
k) mechanism is

strongly dependent on the orbital quantum numbers I close this Section by dis-

playing results obtained by considering capture from and to excited states.
Figure 3 shows the individual contributions to the B2 differential cross sec-

tion, i.e.
(2.1o)

doBI/do -It ()
2

, do2/d - it(2)1
2

, do B2/d) - It(I) + t(2) 2
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FIGURE 3

Separate contributions to the quantum mechanical second Born approximation
(Z T=Zp=1)

The cross sections are multiplied by sinG to make the area under the curves di-
rectly proportional to the integrated cross section. In order to facilitate the
comparison, the velocity v and the states are chosen to give approximately equal
integrated cross sectionin all three cases. As V and I increase, the relative
importance of the double scattering mechanism increase enormously for fixed re-
duced velocity v/vT = 10 and the two mechanisms "separate" in their respective
angular regions. Notice that the absence of interference between the first and
second Born contribution for all but s-s states is a general result which is also
reflected in the asymptotic behaviour (2.9) and iyiparkicular in the size of a
Indeed a can be shown to arise mainly from Re(t t ) in (2.10). Whereas

= O.295 for all s-s states, a approaches rapidly unity for higher orbital
states, e.g. a = 0.811 for s p states and a = 0.997 for s-d states (II).

Pursuing the tosk of mapping the regions where the differences between the
single and double scattering mechanisms are most likely to appear, I show in
Fig.4 the final state distributiuns following electron capture from a Rydberg
state (n'=IO,t'=6). One sees that for all but the smallest velocity, the contri-
bution of the double scattering mechanism, a2 , dominates clearly the final state
distribution: a2 favours the larger n final states and for a fixed n (Fig.4b)
the largest possible I in strong contrast to GB) That is to say that a signa-
ture of the double scattering mechanism is expressed in the fact that if one is
to start from a Rydberg state, one is most likely to end up in a Rydberg state.

These results are consistent with the derivation of Spruch (12) who further
points out that for systems involving electron transfer from one Rydberg state
to another, the classical double scattering cross section is not only equivalent
to the quantum mechanical one but becomes identical to it in the limit of large
quantum numbers. In other words, classical and quantum mechanics agree that the
double scattering process is the simplest mechanism that will mediate charge
transfer at high velocity.

Having dwelt so far with only the first term beyond the single scattering ap-
proximation and leaving the processes of Fig.3 and 4 as a challenge to the expe-
rimentalist, I now turn to consider the recent advances made in formulating mul-
tiple scattering approximations in charge exchange collisions.
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FIGURE 4a FIGURE 4b

Electron capture from an initial Rydberg state (n'=IO,%'=6). Individual con-
tributions to the second Born approximation, a: p + H(n'=l,'=6) + H(n) + p
o(n'it-+n%) normalised to unity at the maximum of the n-distribution;b: p + H(n'=IO,1'=6) -+ H(n=7,1) + p, ((n'A -'n)/o(n'C n1n))%.

3. MULTIPLE SCATTERING APPROXIMATIONS

3. I Formal expansions

To bring the concept of multiple scattering into sharper focus, let me start
with the exact transition amplitude (2.1). On the energy shell, one can rewrite
(2.1) in two equivalent forms, viz.

ti= <*fJ vT l~i

(30]

+

where fi. and.tfj, are referred to as the post and prior forms respectively.
The corresponding transition operators, T- , are then obtained by using in
(3.1l) the Lippmann-Schwinger equations for the scattering waves,

'+ = + + = 4-
i 'i T TPi 'i

+
G pi
.(3.2)

?;= *f GpVTVW1 = PQf + G VT~f
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to give t =< TW 
>  

where

fi +
T
+ 

=V T +VTG+Vp
T VT +VT GVP

+ 
(3.3)

T- VP + VTG VP

The Green's operators associated with H, HT , Hp and H. are denoted by G, GT,

Gp and Go and defined as

G
± 

= (E - H ± in
-  

(3.4)
x x

where q is a positive infinitesimal.
Approximations of the transition operators (3.3) (or alternatively of the

scattering waves (3.2)) are most easily obtained by truncating a series expan-

sion of the full Green's operator. We have already encountered in Section 2
such an approximation in the truncation of the Born series (2.4). In fact in-
sertion of (2.4) in (3.3) makes particularly clear the interpretation of the

Born expansion as a multiple scattering series in which the electron interacts
repeatedly with the potential V or VT and propagates according to the free pro-

pagator, G , between tWrouch interactions. Explicitly, the individual multi-
ple scattering terms, T B- , of the Born expansion for the transition operator

T- read

T V T0-) = V
B T ' B P (3.5)

T(
j
,
) 

= V G+ {(V +V )G+}j-
2 

V
B To0 T P o p

with the nth-order approximation given by

T = j TB (3.6)
Bn j=1 B

The appearance of the full interaction, V +V P , in (3.5) shows that for each

multiple scattering term, T 
(j ± ) 

, there exist 2
j - 2 

different sequences of scat-
tering events corresponding to distinct ordering of the individual interactions.

For example, for j=4, one has the four possible combinations (classified for
short by the appropriate sequence of interactions): VT V TV TVp V TVTVpVp, VT V PV TVP

VT Vp Vp VP . That is to say that the nth Born approximation contains all powers
of the potentials VT and V up to the order n-I, i.e. the Born approxi-

mation provides no ordering, as one could expect from a perturbation expansion,
in powers of one or the other interactions. Although this remark applies to di-
rect as well rearrangement collisions, one sees moreover that for the rearrange-
ment process the first Born approximation is never a consistent first order ap-

proximation. This flaw of the Born series for charge exchange and, in particu-

lar for asymmetric collision partners (Z >>Z or Z >Zp ) where the strength
of one interaction is markedly larger than tLe other, has been recently stressed
and has led to a resummation of the Born series (13,14). For reasons which will
become clear shortly, the expansion is called the strong potential Born (SPB)

series.

Since the difficulty clearly arises from the use of the free Green's function
in (2.4), one considers as alternative the following operator identities:

G Gp + GpVTG =G (VTG)n
P T P n TP n(3.7)

G = + GTVpG GT  (VGT)n
T T P T n P T
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involving the Coulomb Green's operators G ,G T . These expansions in turn

lead in (3.3) to a series characterized by multiple scattering terms of the form

0-)+ VTGV T = Vp + VTG+V (3.8a)
SF V ' S B TT P

T
( j + ) = V G+ {V G'J-I V
SPB TF T P (3.8b)

TO-) = V lGTV }  V
SpB  TP TVP

In distinction to (3.5), these expansions are well-ordered in powers of Vp or
VT and possess a consistent first order approximation in (3.8a,.

Let me consider in more details these first order approximations. First, an
infinite subset of terms of the full Born series is now summed explicitly in

Tp) . These terms have the following structure: either V V V V in TO-)
SF B TF** SF8

or V V V V in T
( + ) 

. One potential is therefore retained to first order
P P P S

only whereas multiple scatterings with the other potential are built in to all
orders through the Coulomb Green's operators. This makes plausible, in the con-

text of asymmetric collisions for which Z >>Z T (ZT>>Z ) and where in some sense
one can speak of a strong V (VT) and a weak potential VT (VP), the name
SPB approximation. Second, since the approximation is by construction asymme-
tric in the way it treats both interactions, the two forms of the SPB transi-
tion amplitudes

t +P(1) 8 i
>  

(3.9)

SPB  S B

are obviously no longer equivalent in contrast to (3.1), although they still
possess the important property of containing to lowest order (i.e. G T=Gp=G
the second Born approximation guarantying thereby the correct high energy be-
haviour. Third, as far a the transition operator is concerned, there exists
only one proper physical form of the approximation dictated by the ratio Z /Z:
the post form for Z /Z small and the prior form for Z /Z large. HoweverT

TFP
since f and ,. are also functions of Z and ZT the siTuation is not so clear-
cut for the amplitudes (3.9) because they are not analytic functions of Z /ZP
(14). One should then probably consider in addition other collision parameters
such as vp and v in selecting the appropriate approximate amplitude in a given

physical situation. This point is currently under investigation.
Fourth, the expressions (3.9) can also take the form

++ -

tspB = 'f1 vT lxi> and tsp B = CXl V I > (3.10)

where I have introduced the "distorted" waves

1X+> = (I + GFV)K i> X> = (I + G-V , (3.11)

displacing simply the approximations from the transition operators to the scat-
tering wavefunctions.

3.2 Structural (genealogical) information

Having introduced the fundamentals of some formal multiple scattering expan-

sions, I now want to turn to the classification of existing multiple scattering
approaches. Two groups can be distinguished: one in which a partial summation
of subsets of the Born series is sought for, and one where a distorted wave for-
malism attempts to incorporate an adequate description of the distortion caused
by the projectile and target ions in the entrance and exit channel respectively.
The mer,bers of the first class emerge in the particular choice of continuum
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intermediate states, whereas the members of the second class are obtained by
successive approximations of the channel distortions. It is evident that this
separation is somewhat artificial since both points of view often provide com-
plementary information on the approximation. Other characteristics are also ne-
cessary to qualify the different approaches, such as i. their symmetry proper-
ties in the treatment of the target and projectile fields, ii. their asymptotic
behaviours (Section 3.3), and iii. their region of applicability in terms of the
various collision parameters (ZT/Zp, VT, v and the relative velocity v). Two
possible classification schemes are shown in Fig.5. The reader is urged to take
these orderings with the necessary grain of salt.

Starting from the top in Fig.Sa, one encounters the newly derived (15) dis-
torted-wave Born (DWB) approximation. The approach is meant to extend the regi-
me of applicability of the SPB approximations to symmetric collision partners
(Z =Z ) by removing the blatant asymmetric introduced in the SPB amplitudes: to
thjs effect, the DWB amplitudes do not have any post-prior discrepancy, i.e.
tDWB = tDWB . Their connection to the SPB theory is best illustrated by defi-
ning the two-body transition operators

TP 
= 

VP + VpGpVP I TT = VT + VTGTVT (3.12)

in terms of which the DWB amplitudes take the form (1O)

t+DW t(1±) <%1 TTGTP i> = t(±) + VTGV P  Xi> (3.13)

followed by the chain of approximations

owe

Spa SpaS

IA 1A

FIGURE 5a FIGURE 5b

Classification of multiple scattering approaches according primarily (a) to
their treatment of the intermediate continuum state and (b) to the inclusion
of channel distortions.
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+ = ( + I VT TP > = t (1+) + "f +,
tspB =t+) <f VT oTP  1~

>
+ *~ 0 Ii>

+= (1-) I f TTGoVP k1 > = + i
>

One observes the close structural similarity of (3.13) with the B2 approximation.
The DWB theory incorporates a much broader subset of the Born series as the SPB
approach does, in that all terms of the form VT V T-VTVTVpVP...VPV are summed

up. It is perhaps interesting in the present context to mention that the DWB
approximation can also be derived from the Schwinger variational principle (15,
16) in which the SPB amplitudes emerge as the lowest order approximation (17)
(i.e. when p. and wf are chosen as trial wavefunctions). The connection with
the Faddeev-*atson scattering formalism (16) has also been made (10,15).

On the practical side, the SPB amplitude has been evaluated to date only for
low quantum numbersand with the help of various analytic approximations (13,18)
and a single approximate calculation of tOWB has been reported (10, curve la-
belled 'present" in Fig.2). It is not clear to what extent the approximations
destroy the physics one has built into these theories and one badly needs refe-
rence calculations to answer this question. At present, little is known about
the exact evaluation of tSPB and tDWB except that one would be faced with unsus-
pected difficulties, in form of divergences, in trying to do so (19). It is
fair to say that the initial excitement over the SPB and DWB has now given way
in some circles to wary skepticism. However, suggestions for the removal of
these singular behaviours (19,20) are already paving the way to an anomaly-free
theory.

Ignoring for the moment these controversial aspects, let me concentrate on
the strength of the SPB approach. This is most easily done by performing the
Fourier analysis of (3.9) to get (for conciseness only the prior form is presen-
ted)

3/2 (3. 14)
tB(K) = (2n) J dk $*(k)Vp(k') ePkr (ZT;)1 exp(ik'.r) ri3

with k' = k+K . K is the momentum transfer, i/f -are initial/final bound
state wavefunctions with binding energies c.,g and f represents the Fourier
transform of the function f . The intermed a e state 

3
k+v, _ (ZT;r) is in

general an off-shell (i.e. c # (k+v) /2 ) continuum wavefunction in the field
of the target with the off-shell energy given by

E 
= 

v2/
2 
+ k.v + cf (3.15)

The amount by which this energy differs from its on-shell value can easily be
estimated as

3~fj - vp
2
/2 < (k+v)

2 
/2 - c- v2 3 2 cfj (3.16)

This follows from the observation that the momentum wavefunction f(k) has a
sharp maximum at k = 0 with half width of the order Iki -v f Alehough 2
the relative deviation from the on-shell energy can be made small for v v9
L;e app.)actt to the snell is non-uniform and lead to sizeable corrections wit
respect to the pure on-shell wavefunction. The essential and novel features of
the SPB theory follow from allowing for a proper account of the off-shell nature
of the intermediate continuum state. A comprehensive mathematical discussion
of this point is to be found in Refs.(13,14,18).

For our purpose, the important result lies in the increased region of validi-
ty of the SPB amplitudes to the intermediate energy regime. Roughly, they are
expected to be applicable for velocities
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2 2 2 2

V> Vp v = vT in the prior SPB with ZT " Zp
T p (3.7)

V
2 

>> VT
2  

v
2 

= Vp
2  

in the post SPB with Zp >> ZT

This should be compared with the criterion v
2 

>> max (VP
2
vT

2
) which applies

to all other approaches (except DWB) listed in Fig.5. The absence of complete

and reliable error analysis and the scarcity of "perimental data over a wide
range of collision parameters make it difficult .owever to delineate the regions
of validity of each approximation in any definitive manner.

Inspection of Eqn.(3.14) reveals a simple physical interpretation of the cap-

ture process. The mechanism consists of first "ionizing" the active electron
from its initial state to a continuum state centred on the target by absorption
of a momentum k' from the heavy particle motion. This transfer of momentum is
mediated by the single scattering in the (weak) field VP whose strength is given
by 7p(k') . The capture is then completed by projecting this ionization matrix
element onto the momentum distribution (k) of the final state. This close
ressemblance with the ionization process [13,14,21) gives further support to
the statement that the SPB approximation is to charge exchange what the first
Born approximation is to ionization.

In connection with the classification of Fig.5a, one has yet to indicate tne
relationship among the other members of the hierarchy. They ali emerge from
successive simplifications in the way the target continuum is treated. The ne-
cessary mathematical steps are spelled out in Refs.(21,22) and the interested
reader is to look there for the technical details. The impulse approximation
(IA,23) is obtained by replacing the off-shell wavefunction T k+v,_ by its

on-shell counterpart Yk+v

tIA(K) = (2r) 32 {dk;4(k)Vp(k') qk+v(Z T) exp(ik'-r) J i> . (3.18)

A peaking form of tht IA (PIA,24) eliminates further the k dependence of the
matrix element appearing in (3.18), recognizing that t f(k) experiences a
strong maximum at k = 0

tpiA(K) = (2n) 3/2 ef (ZT;r)I exp(iKr) IJ > dk 7(k)Vp(k') (3.19)

This apparently innocuous approximation has the virtue of making (3.19) analy-
tically tractable for arbitrary initial and final states (22) but affects its
asymptotic behaviour (Section 3.3) in such a way as to decrease enormously its
applicability (25). Another akin method is the eikonal approximation (EA,26)
which was the first multiple scattering approach to appear going beyond the BI

approximation and for which amplitude and cross sections are available in closed
form and for a wide range of quantum numbers. One obtains the EA amplitude from
expression (3.19) by using instead of Yv(Z T;r) its asymptotic form for large

argument (vr+v.r) , viz.

W_(Z ;r) (21)
- 3/2 

exp(iv.r) exp(iv ln(vr+v.r)) (3.20)

with VT = Z T/v In view of the success that the EA has enjoyed in comparison
with experiment, the present way of "deriving" it as a mathematical infant of
the PIA probably obscures its merits. Finally, the BI approximation is recove-
red by replacing the continuum state by an undistorted free wave.

Of the many multiple scattering methods which have appeared over the years,
the continuum distorted wave (CDW) approximation has received constant attention
(27) since its conception in the mid-sixties by Cheshire (28). The method is

the central element of the classification shown in Fig.Sb. Its major characte-
ristics are i. a symmetric (albeit approximate) treatment of channel distortions
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ii. a particular attention to satisfy the proper boundary conditions and iii.
the possible reduction of its transition amplitude to an analytic closed-form
expression. The recent developments are many and comprise the implementation
of tCDW to cover arbitrary initial and final states (22,29,30), the proposal for
various refinements (31), the extension of CDW to second-order (CDW2,32), the
discussion (33) and derivation (34) of its asymptotic velocity dependence and
to emphasize its versatility its successful application to ionization (35).

Once again I confine myself to an operational derivation of the approxima-
tions appearing in Fig.Sb. Let me consider for this purpose the functional (36)

t(Y f,tP = tf1 (H - E) I't> (3.21)
tf ti tf til

where the functions W- ,+ are still to be chosen. One cin easily convin-
ce oneself thit the on-shelltimit (i.e. Ef of T iand E. of fi . both equal to
E) of +t(Yf,,.) is identical to the exact transtiion amplitude (3.I) when .'

. are the exact scatteriag wavefunctions given by (3.2). The choice

of distorted waves appropriate to the methods of Fig.5b can then be shown to be
of the form

C.> = q%> L
+  + I +

i Lf i> = ,> -i (3.22)

where the coordinate representation of the distortion operators L and L
reads if if

Li = N( P) IF (ivi;i(vr v r

Lf = N(vT I FI(iVTI;-i(vrT+v r T)) (3.23)

Li = exp(-iv pln(vrp+-'iP)) Lf = expiv ln(vr T.v.r )Li px ( p--pT+' )

where N(v) = exp(rv/2) PCI-iv) and EP ; r are the position vectors of the
electron with respect to the projectile and target respectively. The symmetric
CDW approximation and its asymmetric partners PIA± correspond to the insertion
of (3.22) in the functional (3.21) to give

tCW =< (H -E) 1i
>  

(3.24a)
tpiA = {<Pfi (H - E)11&+> = <fl VT i> (3.24b)

tPIA = < {(H - F) *> = <>fI VP Ili> (3.24c)

where the asymmetric nature of the PIA± is once again reemphasized. If one is
then to use the eikonal phases, L.', as distortions, one obtains, in the
same spirit as in the CDW, a symmeitzation of the eikonal approximation. This

newly proposed method, called the symmetric EA (SEA, 37). again with its asym-
metric versions EA± , is explicitly

tSEA <' (H- E)I&i> (3.25a)tE = {,j(H - }+ = +
t 
EA = *lf (H -EN' i > = <lf VT Ili> (3.25b)

tEA = <CfI{(H - E) 1Iqi>} = <Zj Vp Ili>  (3.25c)

The SEA has already been shown to be quite successful in comparison with experi-
ment (37) and possesses the advantage that the distorted waves used are always
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properly normalized in distinction to the CDW approximation where the lack of
normalisation leads to difficulties (too large cross sections) at small veloci-
ties. The last two members of the present family which I denote by EPIA± are
some sort of hybrid wher$ distortions are included in both chanyels± using the
eikonal distortion IF (7.) in the final (initial) channel and L. (L ) in the
initial (final) channel or EPIA+ (EPIA-). The incentive and predictions of
such an hybridization are discussed in Ref.38. Remjrk finally that the SPB
amplitudes can be obtained formally by replacing 1. > and l- in (3.24 b-c)
by Ix.> and JXf> of Eqn.(3.11).

A common feature of the members of this second hierarchy is that, once the
choice of distorted waves has been made, the transition amplitude can be reduced
in all cases without any further approximation to a closed-form expression for
arbitrary initial and final states. This will allow in the future for a test
of the consistency of the various approximations.

The methodology I have adopted in this Section to expose the connections
between a variety of multiple scattering theories can not pay full credit to the
formal and mathematical developments of the last few years. However, the sim-
ple vehicles of continuum intermediate states and channel distortions serve well
the purpose of displaying and classifying the common and complementary facets
of the rapidly growing classes of multiple scattering methods.

3.3 Asymptotic information

The asymptotic velocity dependence of charge exchange theories is still ano-
ther way to classify the various approximations. Many new results have appeared
lately and we will see that few of the methods discussed so far have the desira-
ble property of behaving asynptotically as the double scattering term.

In order to simplify the analysis, I have proposed recently (39) to extract
the leading velocity dependence (i.e. the equivalent last term in an expansion
of the type (2.9)) of higher order theories from a study of the double scatte-
ring term. The strategy is that under the assumption that the leading velocity
dependence is given solely by the double scattering term, the problem of finding
this dependence for a full multiple scattering expansion is reduced to that of
examining the asymptotic behaviour of the corresponding double scattering ampli-
tude included (implicitly or explicitly) in the expansion. This procedure has
been applied with success to the PIA± (39) and the EA± (4G) and the reader is
referred to Refs(39,40) for more details.

Since he DWB, SPB and IA theories contain explicitly the double scattering
term VTG Vp in its multiple scattering expansion (Sections 3.1, 3.2), the me-thod of Ref.39 makes it plausible in the absence of a rigourous mathemati-
cal derivation that the asymptotic velocity dependence of these theories is gi-
ven by

+ + = v
1 1

DWB = 8SPB = 8IA B2 v (3.26)

to leading order only and for arbitrary states. This statement is valid only
for the leading coefficient and much more care is necessary to extract the lower
terms in the complete asymptotic expansion.

On the other hand, the PIAt as a result of the peaking approximation have
lost part of their Thomas scattering contribution and display a velocity depen-
dence at variance with that of the IA from which it is derived, viz.

+ v-11-21' - -11-21
8p v (3.27)PIA PIA v

This discrepancy can be traced directly to the use of the peaking approximation
and sheds some light on the application of this high energy approximation. Ta-
ble I and Fig.6 displays rather eloquently the effects of he peaking on the
IA: for example, for ZT-ZP=I, Is - 3d , the ratio 'PIA 

8
PIA'2 = 4 = 1024!

That is to say that while peaking approximations are frequently valuable, their
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TABLE 1. Asymptotic ratios Rx 5x/6132 (v T = Yv P)

RP IA (I+Y) (I+y) i+y)
5

R (!+Y)/y (i+y) 3 2 v v 2 /(i+y) 52 7(v /v) 4/3y
PIA 2 (v/)/

RCDW I (I+Y) O+'Y) 2(I+y1
3)

use in obtaining quantitative estimates of cross sections must be regarded with
suspicion.

The EA cross sections behave asymptoticalty as in the BI approximation

5±(ilf;Z') = a (I + A 1± (Z'Z + -(+ (VI/Z) 2 (3.28)
EA BI E E

v 10

C,

b~ PL A(b 0-

*l0 %2

B0

o~e OA4am
O~v (degrees)

FIGURE 6

Differential cross section (normalised to do(6=0)d2) in p + H(Is) -H(d)+p.
The discrepancies with respect to the second Born calculation result from
the use of the peaking approximation.
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where the full asymptotic expansion is solely due to the corresponding single
and double scattering term of the eikonal expansion (40), i.e. the first two

terms in the series expansion of the eikonal phases (3.23) in the amplitudes
(3.25 b,c). Z' iilused to allow freedom in the choice of the Coulomb distortion.
The absence of v (or remnants thereof as in (3.27)) dependence reflects the
fact that the eikonal multiple scattering approximation allows only for forward
propagation between two successive collisions eliminating from the onset the

presence of a Thomas-type scattering.
For the CDW approximation, the complete transition amplitude must be analy-

sed directly without any further simplification. One can show (41) that for
Is , Is 'D W coincides with S completely (not only to leading orr) and
some analy i and numerical staies (22,33) indicate that s, u v for all
states but with a forefactor which differs from that of D2W (Table 1).
These results are substantiated by the arilvqis of Cr-.hpe (34) where he deri-
ves the leading coefficient for Is - nim . He also shows that by going to se-
cond order in the distorted wave expansion one alleviates this discrepancy and
recovers asymptotically (to leading order) the correct asymptotic behaviour (34).

As for the SEA, only Is - Is transition has been examined in details (37)
but one can conclude from the structure of the theory that SEA can be written
as in (3.28) with however slightly different coefficients aE . Remarkably,
the derivation of a second order (SE2, 42) brings again (at least for Is - Is)
the asymptotic dependence in agreement with that of the second Born.

Finally, one may be concerned about the relevance of the asymptotic results
to calculations at less than asymptotic velocities. This question is not com-
pletely elucidated. My point of view is that the significance of an asymptotic
study does not lie in a particular application but rather in what it teaches us
about the structure of the theories.

4. EVIDENCES OF MULTIPLE SCATTERING EFFECTS

The experimentalists have increasingly confronted the theorists in tile last
few years with new generations of experiments where finer details of the colli-
sion dynamics are examined: such as differential cross sections, state to state
cross sections (43-45) and coherence effects (46). In some sense, the theoreti-
cal response to this stimulus forms the most part of Section 3. 1 have chosen
two examples where the need to include higher order contributions in the des-
cription of the charge exchange mechanism is particularly apparent.

4.1 Final state distribution

The first experiment consists of the following capture reaction

4+ 2 3+ 2 +
C (Is ) + T , C3 (Is 1l) + T

+  
(4.1)

where T is either H9 or He (44). The high-resolution spectroscopy of the subse-
quent photon emission is used to extract selective information about the final
state (n,l) population produced during the capture process. The impact energies
(E = 2, 3, 4 and 5 MeV or v = 2.58, 3.16, 3.65 and 4.08 a.u.) were selected such
that the relative velocities are large enough for perturbative charge transfer
theories to be applicable but small enough for the cross sections to remain si-
zeable. A common feature of all experiments (44,45) performed at those veloci-
ties, is that, in contrast to similar investigations at lower velocity (43)
(v I a.u.), where the electron is preferentially captured into one or two well
defined principal shells, several prominent lines can be identified as transi-
tions from Rydberg states (i) with n , 10.

One recalls that it is often assumed that even the simplest capture approxi-
mation (i.e. BI), although overestimating the magnitude of the experimental
cross sections, should nevertheless describe the relative capture cross sections.
This is a fallacy and the comparison shown in Fig.7 provides the necessary
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4+ 2 3+ 2

Final state distribution in C (Is ) + H - C (Is ns,p,d) 4 H.)(?),
(E= 2 MeV, U ), (E= 3 MeV, * ), (E= 5 me , M ) from Ref.46, copared to the
first Born approximation (left) and to the CDW approximation (right). The
data are normalized to the corresponding theoretical result at 2 McV for the
final state nI = 3d.

theoretical and experimental evidences that contradict the essence of this ad

hoc assumption.
in Fig.7, the experimental signal is normalized to theory at 2 MeV for the

final state nA = 3d. One notices immediately some spectacular differences

between the single scattering (BI) and the multiple scattering (CDW) calcula-
tions. Whereas the first Born approximation is clearly inadequate to represent
the data, and this, independent of the normalisation point, the CDW cross sec-
tions reproduce (at least qualitatively) the systematic trends and velocity de-
pendence of the s,p, and d series. This in turn gives further evidence of the
inadequacy of the former theory and provides a direct measure of the importance
of the multiple scattering effects in the capture process.

Other experimental studies (45) have reached the same conclusions and confirm
the superiority of a multii'le scattering description of the capture mechanism
over the single scattering approximation. The comparison of the CDW and BI cal-
culations also indicates that multiple scattering effects are responsible not

only for a c-hange in till' magnitudes of the cross sections but also for a redis-

tribtit,n of the final state population. Although the CDW predictions show a
dramatic improvement over the BI results and are in this respect encouraging,

tile agreement with experiment is still not fully satisfactory.
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4.2 Coherent excitation in electron capture collisions

The seind type of experiment consists of the complete determination by+Have-

ner et al. (4 ) of the n=3 density matrix formed by electron capture in H + He

SH(n=3) + He . One remembers that the density matrix is the fundamental quan-

tity to describe final-state coherences and contains the maximum quantum mecha-

nical information on the scattering amplitudes ill an ion-atom collision process.

The investigation of Havener et al. (46) shows clear evidence of a large, po-

sitive dipole moment of the excited electron, 1 > > 0 , along the beam axis inS z

contrast to the predictions of the BI approximation which predicts a vanishing

expectation value. Therefore, the observation of a nonvanishing dipole moment

clearly indicates the failure of the first Born approximation and points to the

necessity of including multiple scattering contributions in a calculation of the

density matrix.
To quantify this deviation, we have calculated (47) with different approxi-

mations te axially symmetric n=3 density matrix defined as

m, 'm' = gm,m' d tm(K) 
t m '

(
K )  

(K-v - v
2 
/2 - A ) (4.2)

(2.)2v

where t (K) denotes the transition matrix element from a Is initial state to
an hydrogenic final projectile state (n=3,im) as a function of the momentum

transfer K . The difference in the binding energies is written fc = -

The diagonal elements correspond to the usual substate cross sections and

the off-diagonal elements provide detailed iinfiri'ation on the relative phases

of tie scattering amplitudes not accessible in conventional determin:,tions of

the cross sections.

The density matrix elements can be further parametrized in term: of expecta-

tion values of the angular momentum operator L, the Runge-Lenz vector A and the

periheiion vector (L -A) (48). In particular, the z-component of A is related
to tile elements of lmi I 'i bv

,A - = 4 Rel 2. + ,3- + 3i , Tr " . )
3 [ 's o Podo PldlIz C

The importance of A stems from tie observation that its matrix ele.mnts are di-

rectly related to tose of the dipole moment for each n subspace by

J - 3 n A (4.4)

The ealculatioi oI 'A shown ill ig.S together with the experimental data

It favener tt al. (=6).
z 

,\s mentioned already, in tie i) (in Fi.8 denoted

OBK) appr ximation A vinishes a' all energies. A simple analysis (49) shows

further that this behasZiour wou: I also be I 'Utnd ii the prior form of the. EA.

PiA, at. : tie peaking near-shell approxim. tion to the SPH (13). The ( h fW nithid

yields a nolsvanishing 'A> (or dipole moment). The direction ot displaccment

as well as the ene rgy depend!nce agrees reasonaIbly wel with file data. Inc

,'apturtd electrot lags be'ind the projectile, i.. '- A -. o . it' absolute

magnitude howtver is to(' small although tile perimenotl trend siigg .ts that
,igrt'ement shoi ld improve at higl er v licitits. It is ' ,, s rpris , thit ,ne y a

qualitative agreemnift is obtained siote' the '.) approximation is intrinsically

.1 high-en rgy a 1 .roximation. NeVwrth llss, 'ii' se's thiat i f loite' v ltit If

'A . is a Unique mealstre ot th . pris'tii 'it 5 1i01iid- 0u' il i i g 'r- .,rder terms

in' a p-rttrhation xpansion of tit, capture :tmplitude. 'More t these d l i,atc

,'xprim'iuts woold I,- welcomt, to privid l t sV, siti.t tet 01 our various scatte-

' fi nmd h I s .
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implhmenting multiple scattering approximations to thle elc~tron capture procIess.
Inl classifying them in relate'd famllilie-S, I have tried to extractL and display
th'ir Main isaracteristic features. Despite their deficiencies, thu strength

oIf the' perturbation expansions is toI isolIate dominant mechanisms, for charge,
trainier a2nd I hive sXpIS-1 so'me Of them inl tile discussion . Altlough muc'h pro-

kcress has heen maide, we ir.- still fir from ;a definitive 11ns'Wer to tile rather
Iisi ye Iroh[)hm ,t elct rn capture. For the next future, I suspect that a

-at isfiotrv cmpromist lchetween real iSM and tractibilIit y would hAVe tO he Coll-
si&-rcd inl improving the a(,curacv oI existling ipproximat IonIls.
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CORRELATED ELECTRON EFFECTS IN ELECTRON-TRANSFER PROCESSES FOR
HIGHLY CHARGED ION-ATOM COLLISIONS

Lars H. ANDERSEN

Institute of Physics, University of Aarhus, DK-8000 Aarhus C, Denmark

Zero-degree electron spectroscopy has been applied to collisions between
highly charged gold ions and helium. Experimental evidence for the neces-
sity of taking into account correlated motion of two electrons in double-
electron-transfer processes is presented. Models are suggested that might
explain the experimental findings.

1. INTRODUCTION.

The understanding of collisional processes involving more than one active

electron has not reached the same level as that of single-electron transitions.

Since the study of escape of two electrons from an atom by electron impact just

above threshold I , the interest in two-electron correlations has been increas-

ing. One of the main result of Wannier's work was the realization of the neces-

sity of taking into account correlated motion. Wannier showed that double es-

cape near threshold requires the two electrons to emerge from the ion in oppo-

site directions. Further, during the escape process, rI must be approximately

equal to r2 , where ri (i=1,2) is the distance from the nucleus to the i'th

electron. The argument is as follows: If rI and r2 differ substantially, then

the closer electron tends to screen the outer one. This results in exchange of

energy which, in turn, increases the difference between rI and r 2 . For suffici-

ently small total energies, one electron will eventually be captured, and only

one will escape. The problem of correlated two-electron motion at low energy

has been successfully treated by using the hypcrspherical-coordinate method2 .

The present paper deals with collisions between highly charged gold ions

(charge q) and helium. The velocity of the projectile V is comparable to or

slightly greater than the orbital velocity of a is electron in He. Focus will

be put on collisional processes where more than one electron is involved, in

particular two-electron transfer and transfer plus ionization. We find that

transfer plus ionization (TI) for q>10 can be accounted for by double-electron

transfer followed by loss of one electron to the continuum of the highly

charged ion. We believe that transfer of two electrons creates a strongly cor-

related two-electron state, the decay of which causes one electron to be emit-
t t3ted into the continuum . The necessity of taking into account the correlated
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motion of the two active electrons will be discussed.

Throughout this work, the term transfer ionization (TI) is used for such

collisional processes where the number of electrons released from the target

exceeds the number captured by the projectile. Thus TI relates to the final

charge states of the projectile and the target long after the collision. We

consider the following TI reaction:

A
q + 

+ B - A (q-
l
)+ + 2 + e" + AE()

where a multiply charged ion A
q + 

has captured one electron, but the target has

lost two electrons. AE is the energy gain from the electronic rearrangement.

Note that in the definition of TI, nothing is stated about the mechanism re-

sponsible for the TI-reaction.

It turns out that the collision dynamics depends critically upon the impact

velocity of the projectile. At low velocity, the charge-transfer process is ex-

pected to proceed via couplings between the entrance molecular orbital for the

initially neutral target and the charged projectile and orbitals relating to

the finally charged particles. In principle, TI may take place even at vanish-

ing collision energy. In this limit, the additional ionization of the target

takes place at the expense of AE. At high impact velocity, the TI contribution

may be very important compared to that for capture without additional ioniza-

tion 
4
. In the limit of high-impact velocity, only few attempts have been made

to describe TI theoretically. The basic idea has been to apply the independent-

particle assumption
4 5

Generally speaking, the difficulty of treating the problem of transfer and

ionization is closely connected to the importance of correlation effects which

can play a dominant role in the dynamics of these processes. Further, the mere

existence of two active electrons introduces a large variety of collisional

processes which are absent in the one-electron case.

2. EXPERIMENTAL UNCOVERING OF TI

To determine the total transfer-ionization cross section, it is necessary

to measure simultaneously the amount of both ionization and capture that takes

place in a collision. This can be done by analyzing the final charge state of

the projectile in coincidence with the final ionization stage of the target.

Our knowledge about TI has increased substantially with the development of such

coincidence techniques. An experimental arrangement is shown schematically in

Fig. I. The technique has been applied by several groups (see, e.g., Ref. 4,6).
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Fig. 1. Schematic drawing of the experimenttl setup used to
measure partial cross sections .

The results of charge-state coincidence measurements are normally expressed

through the partial cross sections on  . We consider here the collision be-q+ q,q'
tween 20-MeV Auq+ and He. The cross-section notation then refers to the reac-

tion

(20-MeV) Au
q+ 

+ He - Auq'+ + Hen+ + (n-(q-q'))e- (2)

Figure 2 shows the partial cross sections as measured by Damsgaard et al. . The

dominating cross section is o01 which is the single-electron-transfer crossq,q-1

section. At high values of the projectile charge q, it is seen that the trans-

fer-ionization cross section ao0 2  becomes of crucial importance. In par-q~q-1
ticular, we note that the other cross sections for loss of both He electrons

o02 and 002 are lower than q,q102  by more than an order of magnitude for
q,q q- q1
q)15.

From data like those displayed in Fig. 2, the importance of TI is accentu-

ated. Further, information such as the q and velocity dependence of TI can be

obtained. However, it is important to note that the very nature of TI is not

revealed, i.e., no direct information about the mechanisms that lead to trans-

fer ionization is obtained.

A main characteristic of TI is the production of free electrons. Since the

different mechanisms leading to transfer ionization result in different energy

spectra of emitted electrons, useful information can be obtained from such

spectra. If the released electrons move with a small velocity relative to the

high-speed projectile, the electrons are most conveniently detected in the for-
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Fig. 2. Partial cross sections as a function of q for 20-MeV uY H6

ward direction (0=a) due to the small laboratory scattering angle. To distin-
guish between electrons created in an ionization event and those created via
transfer ionization ,the electrons were recorded in coincidence with the final
charge state of the projectile.

Fig. 3. Schematic drawing of the beam line together with the target
region and the spectrometer.

Figure 3 shows a schematic drawing of the experimental set-up used in the
present work. The beams were provided by the Aarhus EN-tandem accelerator. The
energy-analyzed beam from the accelerator was post-stripped by a thin carbon
foil, and the desired charge-state component was selected by the bending magnet
and directed toward the target arrangement. The beam was cleaned of undesired
charge-state components created through collisions with the rest gas in the

.. .. . ..
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beam line by a 30 deflection immediatly before the interaction with the target.

Having passed through the target-gas cell, the beam could either be measured in

a Faraday cup or it could be charge-state-analyzed and detected by a channel-

electron multiplier. An electrostatic trap was used in front of the collision

cell to strip off any electrons which might travel along with the ion beam. The

acceptance angle of the spectrometer was 3.40. The spectrometer was a 300 pa-

rallel-plate analyzer . In front of the channeltron, by which the electrons

were detected, two high-transmission grids were located. To prevent slow elec-

trons from reaching the detector, the first grid was held at a small negative

potential. The second grid was held at the same potential as the detector cone,

ensuring a field-free detection. This latter potential was then adjusted in

such a way that the electrons had a constant impact energy of about 300 eV on

the detector; this ensured a constant detection efficiency.

In the coincidence measurements, the electrons produced the start pulses,

and the charge-state-analyzed ions produced the stop pulses for a time-to-am-

plitude converter (TAC). The TAC pulse-height spectrum was recorded, and three

spectra were recorded as a funtion of laboratory kinectic energy: (i) The "to-

tals" spectrum with no coincidence requirements, (ii) the "reals' spectrum

which registered TAC/SCA counts, and (iii) the "accidentals" TAC/SCA spectrum.

In all the coincidence measurements, the number of accidental coincidences was

extremely small.

3. RESULTS AND DISCUSSION.

Electron energy spectra were measured in the forward direction for 20-MeV

Auq + (5<q<19) on He, for 20-MeV Au 15  on H and Ar, and for 45-MeV and 72-MeV

Au11+ on He. The noncoincident spectra are dominated by a cusp which is due to

different electron transfer to the continuum processes . In addition to the

cusp, some autoionization lines may be observed on the wings of the cusp.

Coincidence measurements were performed in order to single out the different

contributions to the totals spectrum. In Fig. 4 are shown the experimental re-

sults for 20-NeV Au17+ on He. The autoionization lines are seen in the 17+-17+

coincidence channel. Therefore the lines are due to the reaction

U17
+  

H Au
6 *  

AU17
+

Au + He- Au +He+ - Au + He+  + e , (3)

which is transfer and excitation (TE). The positions of the autoionization

lines vary with Au charge state, but they are independent of the targetA. The

identification of the origin of the doubly excited states could be obscured by

a possible presence of metastable ions in the beam because single capture
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(without excitation) by such ions might lead to autoionization. Since the

flight time from the poststripper foil to the target is more than 2 psec for

20-MeV gold ions, only a small fraction of metastables is expected, if any. To

I . .I Fig. 4. Double-differential

20 MeV Au-7.He cross sections in the labo-
TOTALS

ratory frame as a function

of electron energy for 20-

MeV Au17.  on He. Lines are

drawn to guide the eye.

50 60 70 80
ENERGY (LAB) IeV

reveal the possible presence of metastables, the beam was prepared in two ways:

by foil stripping from 5+ to 15+ and by foil stripping to 16+, followed by cap-

ture in the beam-line rest gas to 15+. Both beams gave the same result, and it

is believed that metastable contributions are insignificant. For details about

the TE process, see Ref. 8.

We now turn to the continuous part of the electron-energy spectra. Evidently

the cusp from a noncoincidence measurement may be composed of several contribu-

tions. To characterize the cusps observed in the two coincidence channels q+4q+

and q+-(q-1)+, we have apptied an expansion method in which the general scat-

tering amplitude of the transfer to the continuum process is partial-wave ex-

panded. The method has been used to characterize cusp shapes for a number of
9 10collision systems . In the rest frame of the projectile, we obtain

a = Bl(v )P(coSV) = BO+Bovp+(BI+B 1vp)Cos' (4)
SoIp 0 p
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and in the laboratory frame

B0 80

BoB
d2 o V o0 +1 1 1

L VL( + cose'+Bo+B1 Cos9') (5)

In Eq. (4), two Legendre polynomials and two terms in the Taylors expansion of

Fig. 5. The two spectra

I I 11+-11+ (ECC) and 15+-14+

20 MeV Auq'.He (TI) are shown together with

the best fit obtained with

S -- I*~. the expansion (4). At the

top of the figure, the two

fits are compared.

0

C30 40. 0 6.0 70 so
ENERGY (L AB) eV

B1  are included (vL and vp are the laboratory and the projectile-frame veloci-

ties in au, respectively, B1 are the expansion coefficients, and 8' is the

scattering angle in the rest frame of the projectile). The singular character

of the cross section is represented by the terms Bo and B . The terms contain-
0 I

ing B and B have an s-wave character, while the two terms B cosO' and
B cose? are characteristic of a p wave. By integrating the differential cross

section Eq. (5), including the spectrometer transmission function, over the ex-

perimental acceptances in velocity and angle, an expression is obtained, which

can be fitted to the experimental data. Thus the cusp can be characterized by

the expansion coefficients B j) independent of the experimental apparatus used.the epanson ceffiient
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The continous emission observed in the q+-q+ coincidence spectrum is due to

electron capture to the continuum (ECC). The continuous emission in the
q+.(q-1)+ coincidence spectrum is due to transfer plus ionization (TI) since in

this case, two electrons have been released from the target of which one ends

up in a projectile bound state and one in a projectile continuum state.

Informiation about the collision dynamics can be obtained from an analysis of

the cusp shape. To examine the ECC cusp shape, we performed a fit to the 20-MeV

Au ?I+Re.Au coincidence spectrum since in that case, no autoionization lines

were observed. We found that to get a satisfactory fit, "p waves" had to be in-

cluded in the expansion, Eq. (5). This is in agreement with general findings

for ECC10° 11. When fitting to the TI cusp, only the "s-wave" component of the
expansion (Eq. (5)) is required to obtain a satisfactory fit to the experimen-

tal data. Fits to an ECC cusp (11+-11+) and a TI cusp (15+-14+) are shown in

Fig. 5. in the upper part of the figure, the two fits are compared; the yield

is set equal at the cusp center. The difference between the ECC cusp and the

TI cusp becomes more pronounced when the data are transformed into the rest

frame of the projectile. This is demonstrated in Fig. 6. Also the expression

(Eq. (4)) is shown for the two fits considered. The TI cusp is found to be sym-

- ------ 7Fig. 6. Double-differential

r " . cross sections in the rest

frame of the projectile as a

.,. function of electron energy.

The experimental data for

2 11+-11+ and 15+-14+ are

shown. Curves calculated

from the expression (4) are

also shown.

2 -1 0 1 2 3 4 5

ENERGY (PRO) /eV

metric with respect to zero energy. This is characteristic for the "s-wave"

contribution (see Eq. (4)). The ECC cusp, on the other hand, shows a strong a-
12symmetric behaviour with a discontinuity at zero energy
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The shape of the TI cusp measured in the coincidence channel q4.(q-1)+ has

been studied for q equal to 7, 11, 15, and 17 for 20 MeV Auq+ on He. Figure 7
00 00

shows 80/Bo obtained from fits to the data as a function of q. B0/B o  is a
1 01 0

measure of the step in the cross section at vp=O and is related to the asym-

metry of the cusp. BI lB0 is found to be very close to zero for the values of q
10

considered.
In Fig. 6 is seen the variation of B /Bo  on energy of the projectile for

Au11' on He. It is clearly seen that the TI cusp and the ECC cusp are charac-

terized by different values of B°/B reflecting the different cusp shapes.

.,^q..I, Fig. 7. B
° ' °
B0asa

0.4- 20 MeV Au .He (TI) Fig 7. l a
function of q for 20-

.2 MeV Auq + on He. A

00rline is drawn to
4 guide the eye.

0.2

5 10 15 20
q

Fig.8. B0/B°  as a

0.3 Au11 He 0 o 1 1 0

* ECC function of energy for

0.2 I Au114 on He. Lines are

01 - -drawn to guide the eye.

-0.2

-0.3

0 01 0.2 0.3 04 0.5
E (MeV/amu)

Two possibilities exist for the origin of cusp electrons. The electrons may

be captured from the target, in which case the cusp is due to electron capture

to the continuum (ECC). Alternatively, the electrons may be emitted from the

projectile, in which case one is dealing with electron loss to the continuum

(ELC). ECC gives rise to an asymmetric cusp with an enhanced yield on the low-
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energy side ot the peak . This corresponds to a negative value of B (see
S 11

Figs. 6 and 8). ELC, however gives rise to an almost symmetric peak . The

obtained values of B as well as the observed symmetry of the electron

distribution of the TI cusp (Fig. 6) favour the idea that the TI process is

closely related to an ELC process.

To convert the yield of cusp electrons into absolute cross sections, we

applied the procedure previously used by Vane et al. . We measured the yield

of ELC electrons for (20-MeV) Au ++He-Au8++He+e- . In this particular case, the

total-loss cross section had been measured. Comparing the yield of TI and ELC

electrons and asuming similar cusp shapes enable us to calculate the cross sec-

tion for TI with continuous emission of low-energy electrons. We find that to

first order, the entire TI cross section can be accounted for by the TI-cusp

yield.
- Fig. 9. Transfer ionization

20 MeV Au '*He i cross sections as a function of

o . q. The experimental data are

:o,-.., shown and two theoretical ap-

proaches of McDowell and Jan-

4 1 ev . Lines are drawn to guide

the eye.
4 <Mr Ce - del 6e I

116 8 -2 -16- 8 20 _2

q

The total TI cross section for 20 MeV Auq++He has recently been calculated

by McDowell and Janev5 . They used the independent-particle model, and totai

cross sections were obtained by using the classical-trajectory Monte-Carlo

method. In this model, no correlation effects were taken into account. In Fig.

9, the results of these calculations are compared with the experimental

transfer-ionization cross sections . For q<10, the predictions of the independ-

ent-particle model are in good agreement with the experimental data. For higher

charge states of the projectile, however, the calculated cross sections a:e

much too small. In Fig. 9 are also shown the results of a "potential-b-crier

model " 
. In this model, TI is accounted for in terms of transfer of two elec-

trons to a doubly excited state which autoionizes with a probability W. For w
w2 02 2 6we use the ratio q /(qq qq2 from the experimental data . For the

high charge states, w-95%. Evidently, these simple calculations support the

double-transfer + autoionization mechanism for higher values of q.
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The experimental findings nay be summarized as follows: (i) The TI process

has as its final electron state one projectile-bound state and one projectile-

continuum state. (ii) For the high values of q, the TI cusp is similar to an

ELC cusp. (iii) The energy distribution of the emitted electrons is flat.

Further, one must take into account the fact the total TI cross section is much

larger than the double-capture cross section. Also, it must be emphasized that

no autoionization lines are observed as a result of double-electron transfer.

The mechanism for TI clearly involves two electrons. Based on the shape ana-

lysis, we suggest that both electrons are transferred to the rest frame of the

projectile, whereupon one is lost to the continuum and one is left in a bound

state. We present two models in which two different loss mechanisms are con-

sidered. In the first, the two electrons enter a highly correlated state, the

size of which resembles that of the He atom. The spatial extension of the two-

electron wave packet is much smaller than the extension of the wave function

for two corresponding but uncorrelated elec-rons on the projectile. Therefore

one of the two electrons is immediately emitted into the continuum (see Fig.

10). Due to the short lifetime of such a highly excited and correlatcd state,

the energy spectrum of the emitted electrons is continuous. The high pro-

bability for electron emission after double-electron transfer causes the very

small double-capture cross section.

e

Rc\\ Au-core

H*He

Fig. 10. Schematic drawing of a proposed model for TI (see text).

Inspired by the flatness of the electron distribution, another model is sug-

gested. In this model, it is emphasized that the flatness of the distribution

suggests that the release process is similar to the so-called "Wannier" ioniza-

tion process near threshold2 . The electrons share the total available energy in

the Wannier state (see Fig. 11). In this picture, the electron correlation re-

sults in a state where the electrons are located at opposite sides of the gold



376 L.11. A ,iderscei

core and move apart along a line. Since both electrons cannot be ionized, fi-

nally one electron moves toward the nucleus, transferring energy to the other

one, which becomes ionized. Numerical calculations on this problem have recent-

ly been performed"

Fig. 11. Schematic drawing of a proposed model for TI (see text).

In both models suggested, the electron correlation plays a crucial role.

However, it should be emphasized that theoretical calculations are very much

needed in order to uncover the underlying physics.
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1. INTRODUCTION

In the last few years a growing interest has been shown for atomic
processes occuring during a nuclear reaction in connection with the possibility
of measuring very short nuclear lifetimes(1). The observation of Compound
nucleus x-rays has been evidenced in reactions induced by protons on medium
weight targets 0

°
6

Cd (2), ''
2
Sn (3). In these experiments, the decay of a

vacancy created by the Coulomb interaction between the charged projectile and
a K-shell electron of the target is observed during the short, but finite
lifetime of the Compound nucleus (CN) formed in the reaction.

Compound nucleus x-rays emitted in heavy lfo inuuud nuclear reactions
have been searched for in the last few years (4-6). In this case two
difficulties must be faced. First, the lifetime of the CN becomes very short
due to the large excitation energy of the system. In order to reduce the
excitation energy of the CN, while keeping a significant fusion reaction cross-
section, symmetric collision systems apoear to be more appropriate. Then, the
second difficulty arises to evaluate the probability for creating a vacancy in
the K-shell of the CN. In symmetric collisions between medium weight atoms,
the main part of the excitation of the K-shell partners at the end of the
collision is due to 2psr-2po rotational-coupling combined with a sharing of the
vacancies between the nearly degenerate Iso and 2po molecular orbitals in the
second half of the collision. In the case of a fusion evaporation nuclear
reaction, the rotational-coupling matrix element vanishes, and the second part
of the collision does not exist, since the united atom is also the final state
of the system (except for the evaporation of a few nucleons). The only active
mechanism which can create a vacancy in the K-shell of the CN is then a direct
excitation (ionization) of the 1,- molecular orbtal formed on the way into the
nuclear reaction. Evidently, in Coulombic collisions, both mechanisms
contribute to the vacancy formation at the end of the collision but the
molecular 2po mechanism dominates so much over the direct Iso process that
even in accurate measurements of the dependence of the vacancy production on
the scattering angle, the contribution of the latter cannot be extracted.

As a consequence, for heavy ion induced reactions, the comparison between
the probability for making a vacancy in a pure Coulombic collision and the
value of thq excitation probability of the Iso MO on the way into the nuclear
reaction P1 5 is meaningless.

We show in this paper that the observation of the x-rays emitted in
nuclear fusion reactions gives a , opportunity to measure the probability
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for creating a vacancy in the Iso molecular orbital by a direct mechanism. It
also gives the contribution of the direct process to the vacancy production in
the K-shell of the collision partners.

In the first part of the paper we outline the basic principles of the
experiment. The experimental details are given in the second part. Then we
compare the experimental results to theoretical predictions.

2. PRINCIPLE OF THE EXPERIMENT

We have chosen to investigate the 58
Ni + " Fe collision system. The energy

of the beam was 238 MeV in the laboratory system. At this energy, the Ni beam
may induce complete fusion nuclear reactions, leading to a highly excited
Compound Nucleus (CN) of 

11 2
Xe. The CN will subsequently decay by emission of

light particles. During the approanh of the collision partners, the time
varying Coulomb field may also produce ionization of the inner shells of the
projectile and/or target. In the following we will only select the collisions
in which nuclear and atomic excitations take place simultaneously. This is
achieved by observing the x-rays emitted in the collision in coincidence with a
reaction product. The x-rays have two different origins. They may come from
the filling of K-vacancies created on the way into the nuclear reaction. We
call these atomic x-rays (AT x-rays) in the following. Imission of x-rays .,
also follow the decay by internal conversion of the evaporation residues. ie
call those nuclear x-rays (IC x-rays). In order to understand how we separate
these two x-ray components we successively investigate the collision Ni + Fe,
from a nuclear and an atomic point of view.

2.1. Nuclear Aspects of the Collision.
Tne CN is formed at a mean excitation energy of 54 MeV, in different spin

states up to a maximum value JCR = 534 .
Due to the very neutron deficient structure of the "'Xe, the CN will decay

essentially by emission of protons and alpha particles (7) which will be
followed by emission of Y rays. The evolution of excitation energy and
angular momentum of the system during the de-excitation of the CN is
illustrated in Figure I for a particular de-excitation channel: II

2
Xe * 4p +0

"
8
Sn. Particles are evaporated first, down to a point in the E* -J plane for

60

FIGURE 1
40 4p Schematic representation of the de-

excitation of 112Xe in the 4p
channel. The variation of the
excitation energy E* of the systemis given versus the spin J during

"oStatl.tl al x.,..4.X the decay of the CN. The dashed
line corresponds to the different

astT Y line states of the CN formation. The
oL 41 1 yrast iine cor- .3poids to th. -t

,
-

10 20 30 40 50 of minimum E* for a given spin J.

The heavy and light arrows show
the evolution of the system by
Darticle em'-oioi and Y-ray
emission down the ground state of
the final nucleus '

0
Sn.
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which the remaining excitation energy above the yrast line is smaller than the
energy required by the next particle to be evaporated. The residual nucleus
will then continue to de-excite by emission of statistical Y rays, followed by
a cascade of stretched E2 transitions(8). A particular reaction channel leading
to a given evaporation residue (ER), can be identified by the detection of a
few y rays emitted in the last transitions before reaching the ER ground
state.

The formation of a '08Sn residual nucleus formed in the collision can be
signaled by the observation of one of the Y rays at 1206 keV, 1196 keV, 905
keV, 254 keV (7). Nevertheless, a transition between two states of the '08Sn
excited nucleus may also occur by an internal conversion process (IC). In this
process, a vacancy is created in an atomic shell of the "'Sn. This vacancy
will decay subsequently with the emission of an x-ray characteristic of the
nucicar charge of the ER. For a given transition, the ratio between the
number of vacancies created in a given shell and the number of emitted 'Y rays
defines the internal conversion coefficient for the corresponding atomic shell.
The value of the IC coefficient varies strongly with the multipolarity and the
energy of the transition. For example, the IC coefficients in the K-shell of
Sn are respectively equal to 5.6 x 10- 2 for the 254 keV end 7 x 10-4 for the
1206 keV Y ray. Such chraoteiistic IC x-rays are in coincidence with the
other Y rays used to sign the formation of one given ER.

2.2. Atomic Aspects of the Collision
From an atomic point of view, tile ratio of the projectile velocity v to the

K-shell electron velocity in the collision partners vK, places the collision in
tee molecular regime v/vK = 0.48. In this condition the binding energy of the
inner most electrons of the target and projectile will evolve during the
collision from the binding energy in the separated atoms up to the binding
energy of a K-shell electron in the united atom of Xe. The main difference
between collisions inducing nuclear reactions and usual atomic collisions at
the same energy is that the united atom is actually formed in fusion reactions
while it is only a transient situation in the atomic collisions.

One formed, the CN decays by emission of a few light particles, which,
from the electronic point of view, is only a small perturbacion, so that the
atomic system appears to be fixed after the formation of the united atom. The

I I I I I

> -10 2_w.....-

wj -20 - ",

-30 -0

-3.10-1 9  10 "i9  0 +10 - 19  +3.10 - 19

FIGURE 2
Correlation diaram of the collision 5 'Ni + " Fe. The dashed line represents
the uvolution of the binding energy of the inner electrons in the case of a
Caulombic collision, and the solid lines represent a collision wh ere a corlnun1
nules %i t:,at 3uuoequentiy emit! -1 protons.
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correlation diagram of the collision, shown in Fig. 2, illustrates the
comparison between an atomic collision in which the system will continue to
evolve from the UA atom to the separated atoms in the second half of the
collision and a fusion-evaporation nuclear collision. This correlation diagram
corresponds to the 4p channel. The orbital energies have been calculated with
hydrogenic wave functions (9). The atomic collision, Ni - Fe, at the energy of
230 MeV, has been investigated in detail by Chetioui and Rozet (10). The
authors have measured a cross section for the production of K x-rays equal to
0.9 x 10- 1 9 cm2 . They also measured an equilibrium thickness for projectile L
vacancies equal to 20 pg/cm2 . From the observed shift in the energy of the Ka
x-rays of Ni, they have deduced a mean number of vacancies in the L-shell,
M2,, equal to 3.9. Assuming a statistical sharing of the Ni L vacancies in the
collision between the 2p and 3do MO, they found good agreement between the
experimental K x-ray emission cross section and the theoretical x-ray cross
section calculated in the framework of the rotational coupling between the 2ps
and 2po MO followed by vacancy sharing between the 2pa and the Iso MO.

From Figures I and 2, it is clear that a vacancy which has been created in
the approach of the nuclear reaction may decay at different stages of the CN
de-excitation.The actual atomic number of the nuclear reaction product at the
moment of the filling of the vacancy depends on the relative lifetimes of the
nuclear states and on the mean lifetime of the vacancy (1),(2) . For a XQ atom,
the mean lifetime of a K-shell vacancy is of the order of TK 5 x 101is.
Consequently, in coincidence with a particular Y-ray transition, we can, in
principle, observe the characteristic x-rays of the CN or the characteristic x-
rays of all the intermediate states formed in the sequential decay or the
characteristic x-rays of the final evaporation residue. If we assume that TK
is larger than the mean lifetimes of the CN and of the intermediate states
involved in the de-excitation of the CN by charged particles, it is seen that
the vacancy will mainly decay in the final state. For example, if we follow
the 4p channel, in coincidence with one of the 1"Sn Y rays, we will mainly
observe Sn AT x-rays. Nevertheless, we remark, that these AT x-rays are
emitted within a very short time after CN formation so that the ER nucleus is
still moving in the target with the full recoil velocity. The energy of the AT
x-rays will be affected by a strong Doppler effect. The resulting Doppler
shift energy will be maximum if the x-rays are observed along the direction of
the recoiling nucleus which is zero degree with respect to the beam direction.

This Doppler shift energy difference can be used to discriminate between IC
x-rays and AT x-rays emitted in the same final state of the nuclear reaction
(12) .

As mentioned above, IC x-rays are emitted in competition with Y rays in the
ultimate state of de-excitation of the ER formed in the nuclear reaction. The
decay rate of an electromagnetic E2 transition can be evaluated from (11)

A = 7.4 x 107 a A1 3 3 E ()

where A is the mass in AMU of the ER, Ey is the energy of the transition, and
a is an enhancement factor which is introduced to account for the strongly
collective character of the stretched E2 transitions emitted in the gamma
cascade(8). The parameter a is very dependent of the nuclear structure.

Since the IC coefficient becomes larger as the energy of the transition
becomes smaller, it is seen from relation 1, that strongly converted
transitions are also long delayed transitions. A consequence is that the ER's
formed have enough time to be completely (or partially) slowed down before
the emission of the radiation. The energy of the characteristic x-rays
following the IC process will not be affected by a Doppler effect.

ine principle of the experiment can be summarized as follows. We shall
identify a particular ER formed in the reaction Ni + Fe by one discrete Y-ray
corresponding to a particular transition in a particular nucleus. The x-rays
will be detected in coincidence with the Y rays in the direction of tile recoil
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of the ER, which corresponds to the incident direction of the beam. The
difference in the energy of the x-rays, due to different Doppler effects, will
enable the discrimination between IC x-rays and AT x-rays in the same final
nucleus. A similar method based on the Doppler shift to discriminate between
IC and AT x-rays has also be-n used by Bosch et al2 to discriminate between
Cn AT x-rays and Cm IC x-rays following Coulomb excitation of 

2
1
8
Cm in the

collision 2"'Pb + 
2-OCn

3. EXPERIMENTAL RESULTS

The experimental set up is schematically drawn in Fig. 3. The Y rays
emitted in the reaction are detected by six 20%-efficient, intrinsic-Ge Y ray
dctectors surrounding the target, The resolution of' the detectors was of the
order of 2 keV. The use of several Ge detectors was necessary to increase the
detection efficient of the system. The x-rays were detected by a 200-mm2

Si(Li) detector at 00. The active thickness of the detector was 5 mm. The
detector was mounted as shown in Fig. 3, in the direction of the beam.

Coincident events between the Si(Li) detector and each Ge detector were
detected within a 250 ns time window by a fast coincidence module. The time
difference between the fast x-rays and fast Y-ray signals was also analyzed
separately by 6 time to digital convertors (TDC). In addition, a time spectrum
between the Ge detectors and the high frequency signal of the cyclotron,
called THF in the following, was also recorded in order to make the difference
between prompt and delayed events. The FWHM of the THF spectrum was 30 ns.
For each coincident event, the linear signals and the tiing information were
stored on magnetic tape and subsequently analyzed off-line. The dead time of
the acquisition system was measured with a pulse generator. The direct
spectrum of one of the 6 Ge detectors was also recorded on tape.

The target was 1 mg/cm2 , 99% enriched 5 4Fe mounted on a 12-mg/cm2 Ta
backing. The beam was stopped behind the target in a 7-mg/cm2 Ti foil. This
mounting enables the beam to be stopped avoiding nuclear reactions except for
nuclear Coulomb excitation in the beam catcher. It also allows us to mount
the Si(Li) detector I cm away from the target. The Fe and Ni K x-rays and the
Ta L x-rays where absorbed by Al and Ni foils placed in front of the Si(Li)

54___F. Torge

FIGURE 3
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detector.
We kept the counting rate in the x-ray detector below 3000 counts per

second. A higher counting rate destroys the resolution in the x-ray spectrum.
In such conditions the FWHM resolution of the Ka x-ray lines was equal to 400
eV.

Figure 4 shows the x-ray spectrum coincident with all Y-rays detected in
one Ge detector. Part of the radioactive events have been eliminated. We
noticed the presence of Km and KS x-ray lines corresponding to the following
nuclei: Cd, In, Sn, Sb. It is seen that the resolution of the detector enables
a clean separation between the different x-ray energies. The different
transitions correspond to different decay channels of the CN. Nevertheless, a
given x-ray energy, may be connected to:

- an IC process in one ER whose atomic number is equal to Z
- a fully Doppler shifted AT x-ray decaying in a (Z-1) final state (v/c -
0.043)
- a K8 transition following IC taking place in a (Z-3) ER.

This ambiguity can be resolved if we select one particular evaporation
residue. The selection is achieved by gating the x-ray spectrum by some gamma
transitions in a particular product nucleus.

The Y-ray spectrum shown in Fig. 5 corresponds to coincident events
recorded in one Ge detector during the active part of the source cycle. All
but some Y-rays have been attributed to some final nucleus. We will focus our
attention on the following lines corresponding to the de-excitation of "'S'n:
1206 keV, 006 keV, 1196 keV, 254 keV. Other transitions at 616 keV, 1141 keV
in "O'Sn have also been identified. Gamma rays correponding to the de-
exciation of Sb isotopes are also seen in the spectrum.

For each Y-ray the following x-ray spectra have been sorted:
a) A spectrum of prompt x-rays in coincidence with Y-rays whose

energy corresponds to one of the above mentioned transitions. The energy
aindows selected on the Y-ray energy spectrum were set as narrow as possible.
Prompt events are selected by a gating condition placed on the peak in the THF
spectrum. A condition was also set on the peak in the TDC spectrum.

b) The spectrum of prompt x-rays defined by the same gating
conditions on the Y spectrum and THF spectrum but corresponding to a window

In
1400

Cd Sn Sb To
1000

%,
600

200 300 400 Ch 500

FIGURE 4
X-ray spectrum recorded in coincidence with y-rays. Ta K. x rays are in coin-
cidence with the Ta y rays produced by Coulomb excitation.
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set on the flat part (random) of the TDC spectrum. The spectrum b) wan then
substracted from the spectrum a) to give a true coincidence x-ray spectrum.
In this spectrum part of the counts are due to Compton events in the Y-ray
detector arising from nuclear transitions whose energy is larger than the
considered transition. Such Compton events are not necessarily connected with
the same final state as the analyzed transitions.

c) An x-ray spectrum corresponding to prompt events in coincidence
with Y-ray background taken separately on the left side and the right side of
the photopeak. The windows used to define the background have the same width
as the peak window. The same gating condition on the TDC spectrum as the one
defined in spectrum a) was set to obtain a true plus random coincidence
spectrum.

d) A random coincidence spectrum, as defined in b), but for the y
background. The difference between spectra c) and d) gives a spectrum of true
events associated to the Y background. In order to check the procedure we
systematically verified that the difference between the left side backgroind
and the right side background was in the TDC spectrum flat and free of
structure.

Finally, a net coincidence spectrum was obtained by taking the difference
between the true coincidence spectra associated respectively to the photopeak
window and the background window.

RESULTS AND INTERPRETATION

The x-ray spectrum in coincidence with the 905 keV, 1196 keV and 1206 keV
Y-rays following the de-excitation of the '

08
Sn residual nuclei is shown in

Fig. 6.
Two peaks are clearly seen in this spectrum which are labelled A acn B.

The energy of peak A, which is exacly 25.3 keV, corresponds to the energy of
the Sn Ka transition when emitted by an atom at rest. From the discussion
above this line is associated with the de-excitation by Internal Conversion of
the 'S

0
n ER.

The measured energy of the second is equal to 26.3 keV. This energy
corresponds exactly to the energy of a Sn Ka x-ray emitted by a Sn atom

;ooo- ii I _ / I

. - I i

0 200 400 600

300

Ny

800 1000 1200 E (keV)

FIGURE 5
Coincident Y-ray spectrum. The large intensity peaks at low energy are due to
Coulomb excitation of the Ta backing.
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having the full recoil velocity v/c = 0.043. We demonstrated above that the
decay of an atomic vacancy made on the way into the nuclear reaction shnuld
have such an energy. The same shape was found for the x-ray spectra in
coincidence with :aoh of the three Y-rays. This rules out the possibility that
the second peak is caused by the IC of a transition which has the same energy
as one of the three analyzed transitions in 

1
'Sn but in some Sb isotope.

The number of T x-rays detected in coincidence with tne Y-rays is given
as a function of P so by:

NAT Ny P'i 5  WVI ri R Fm/4T (2)

where Ny is the number of detected 0-rays, Q/7TT is the relative solid angle
subtended by the x-ray detector, F is the detection efficiency of the x-ray
detector at the energy of AT x-rays, R is the ratio of Ka to (Ka - KS) x-
rays, Tm is the live time of the acquisition system and IaK is the fluorescence
yield. The number Ny is deduced from the intensity of the analysed Y
transitions in the spectrum of single events. The absolute values of E_; have
been measured with radioactive sources. We have taken for R and 'uK the usual
values corresponding to a Sn atom.

The number of Doppler shifted x-rays deduced by a curve fitting analysis
of the spectrum in Fig. 6 leads to a value of the qumber of vacancies made per
nuclear reaction in the iso molecular oMbital: P130  (2.9 ± 0.8) x 10 -

.
Another method to deduce the value of P'1so based on the relative intensities
cf 'he I ,x-ray peak and the AT x-ray peak is given elsewhere (22) leading to a
value: Ps = (31 ± 0.6) x 10-

2 .

Within the statistical fluctuations attached to the data points in Fig. 6,
the assumption that all the atomic vacancies are filled alter the emission of
the 4 protons appears justified. Nevertheless, experiments with better
statistics and including a selection on the spin of the ER may slightly modify
this picture. We believe that the error on the isi value accounts for this
effect.

The value of P1 0 can be compared with theoretical predictions given by
different atomic models.

60.

40

20

0 20,0 300d Ch

FIGURE 6
Not x-ray spectrum in coincidence with 905 keV + 1196 keV + 1206 keV transi-
tions in 108Sn.
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We will first consider a double collision mechanism. In a first collision
a projectile K-shell vacancy is formed. The dominant mechanism for the
creation of this vacancy is by excitation of electrons from the 2

pc MO which
is later transferred by radial coupling to the lso MO on the way out of the
collision. Such interactions take place at large internuclear distances so
that the projectile motion is only slightly disturbed. Some of the vacancies
created in the first collision may survive to enter the Iso MO in a seco:;
collision at zero impact parameter inducing the nuclear reation The ntMnber
of surviving vacancies, NK has the same interpretation as the P 1s0 measured in
this experiment: NK is gioen by (13)

o, p nvWNK = "A '3)

where 02p, is the 2ps vacancy production cross section, n is the target atomic
density, v is the projectile velocity, k. is the decay rate of projectile K-
shell vacancies and W is the probability that the 2po vacancy will be
transferred to the projectile K-shell at the end of the first collision, and
into the iso in the second .

To evaluate NK, we can use the values of 
0 2

p, measured by Chetioui et al
(10) in the system Fe + Ni at 200 MeV and the sharing probability, W = 0.33,
found in good agreement with theoretical calculations. The lifetime of a Ni
vacancy in an unperturbed atom is equal to 2 x 10

" 6 
s. Introducing these

values in Eq.3 leads to a number NK ' 1.5 x 10-1.
The value of k given above can be affected by the presence of vacancies

in the L and M shels of the projectile at the end of the collision. Cietioui
et al have measured a mean number of 2p vacancie. in the projectile equal to
4. Statistical considerations show that the mean lifetime of a K-shell
vacancy can be double so that the above value of ip may also be enhanced by a
factor of two. Nevertheless, a very large discrepancy, of the eraet of one
order of mra)Riitude, remains between the estimated JK valie and the measured
val je of Plis,. Consequently, we must conclude that, at this energy, the double
mechanism cannot explain by itself the numbe- of vacancies found in the Iso
MO.

In the investigation of the number of vacancies made in a single collision,
two different processes must be considered. We will first analyze the
excitation of the K-shell of the CN and of the subsequent ER by the sequential
evaporation of charged particles. Secondly, we will investigate the dir;ct
excitation of the Is0 MO on the way into the nuclear reaction.

in the Ni Fe system, the calculated mean energy of the evaporat-ed
protons is equal to 6 MeV and the particle energy ranges between 2 MeV and 20
MeV. Using a '-traight line, nonrelativistic version of the SCA code (,4), we
have alculated the probability for making a vacancy in the K-shell of a Xe
atom in a zero impact parameter collision induced by protons with energies
ranging between 2 MeV and 20 MeV. The ionization probability for each proton
energy was then folded with the energy distribution of the particles to obtain
a mean ionization probability by emitted proton I o . The result was then
multiplied by four to account for the pa-ticle multiplicity in the considered
reaction channel. This procedure leads to a result Io - 10", which is one
order of magnitude smaller than the measured value of P Is,.

The calculation of P1 s corresponding to the ioniz ,'ion f the 1so MO on
the way into the collision can be made in the framework of a semiclassical
approximation since in heavy-ion induced collisions, the relative motion of the
nuclei can be treated classically. In . one collision process, PI., is
obtained from the time dependent amplitude als 0 (t) for exciting the 1so
electron to a continuum state with energy c and angular quantum number Zm
(15).
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a I It' R Teim(R) exp[i f(E IS(t')+E)dt" /"n (4,

where Tcrm(R) is the radial coupling matrix element between the Iso and the
continuum state, R -s the radial velocity, Els(t) is the time dependent
electron binding energy of the electron, and E is thp energy of the electron in
the r~ntinuum.

The probability for making a vacancy in the Iso MO is given by:

P1 s0 = J de >_ laZm2

Different approximations have been made to connect the direct excitation
process in heavy-ion collisions to semiclassical perturbation theories used to
describe the direc Coulomb ionization in asymmetric collisions induced by
1 ih . ions. One remarks, that in adiabatic collisions, the dominan.
internuclear distance for ionization is much smaller than the K-shell radius of
the target atoms (16). Several authors have proposed replacing the
continuously evolving wavefunctions of the MO states by the atomic
eavefunctions of the UA (17-19). Within this assumption, Briggs suggests that
for a synimetric system, the ionization of the Iso can be described as the
ionization of the K-shell UA, fixed at the center of mass of the collision.
One electron of this fictitious UA, at rest in the co-lisions syst m, will feel
a potential perturbation caused by the Coulomb fields of the projectile anc of
the tarpet colliding with this UA atom with a relative velocity equal to v/2
(20).

In this model, Eq.(4) can be written:

if j:Zp + ZT  ( i ~ 6

m(O) -i ¢_  timl iIr-vt/21 ir+vt/21 s

where 1s and PE:m are respectively the Is state and continuum states of the
UA, r are the electronic coordinants of the UA relative to the CM of the
collision, Zp and ZT are respectively the atomic numbers of projectile and
target, and v is the velocity of the projectile in the laboratory system. The
projectile and target masses are assumed to be equal, and Ac is tne energy
transferred to the electron.

In this model the projectile and the target are treated on completely
equal footing. The ionization amplitudes with respect to projectile and target
are aided coherently. In the case of a completely symmetric system, the
relat v Larget and projectile ionizat on amplitudes are equal to:

a -i( +PtP0 ) * di
0 

<em Ia = dt <,PC~ ml,_-- .L _ iJZ, a (7)

E m tP. l Ir-vt/2i is-

where po and pf are the parities of the UA wave functions ls and 'Pem. An
evaluation of PIS,, in the framework of t e Briggs model t; frautmann (21)
leads to the following result for a pure atomic collision involving the way
into and t"a way out of the collision:

P Briggs = 2.6 10-2
ISO
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The theoretical evaluation of P 1 3, is comparable to the presently measured
value of the half-collision probability. From this comparison we may conclude
that the essential part of the mechanism for creating a K-shell vacancy in the
UA comes from the direct ionization of the 13o electron at small internuclear
distances. Nevertheless the experimental data refers to the way into the
collision while the calculated value refers to an entire collision in which the
internuclear distances evolve continuously from minus infinity to plus
infinity. A calculation of P1 30 on the way into the collision made in the
framework of the Briggs model is highly desirable. A detailed comparison with
the experimental value may bring a new insight to the phase relation of the
atomic amplitudes (1,22)

5. CoNCIUSION AND FURIE IOUM:L\TS

We have measured for the first time the ionization probability on the
way into a nuclear reaction. Furthermore, this measurement shows clearly
the part of the dir.ect excitation process on the creation of K-shell vacancies
in symmetric collisions in the adiabatic regime. We clearly demonstrate the
feasibility of' separating the x-rays following atomic excitation from the x-
rays having a nuclear origin. It is shown that a correct undertstanjing the x-
ray emission in nuclear reactions can only be achieved if the reaction channels
are clearly identified.
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Two recent experiments have discovered monoenergetic line structures in the
collision of high-Z heavy ion collisions. We discuss this phenomenon using
the concept of a change of the QED vacuum in supercritical electromagnetic
fields. As an alternative the hypothesis is reviewed, that the positron lines
are caused by the creation of a previously unknown elementary particle.

I. QED OF STRONG FIELDS

The theory of quantum electrodynamics (QED) without doubt is among the best
understood and most successful domains of modern physics. Starting from Dirac's
pioneering work on relativistic quantum mechanics and culminating in the com-
pletion of the renormalization programme, today QED is able to predict the prop-
erties of atoms and other leptonic systems with an accuracy unrivaled by any other
theory. Nevertheless, until about a decade ago, one important question [1] of
principal interest has lain rather dormant, mainly due to the lack of interaction
with the experiment. This topic is related to the external field problem of QED.
Already very early an apparent inconsistency of the theory was noticed (Klein's
paradox) if a strong external field is present. Phrased in today's language this
is due to an instability of the vacuum of the theory. In the absence of inter-
actions, or if the external field is very weak, a vacuum state 10> can be defined
which is characterized by the absence of real particles.

If the strength of the external potential exceeds a critical value (which is
2m in the case of a potential step) the positive and negative frequency solutions
of the Dirac equation become intermixed. Now a new type of wavefunctions can be
found which tunnel through the 'forbidden' energy gap of the Dirac equation,
defined by -m < E-V < +m. In terms of physical observables this has to be inter-
preted as a pair production process being most easily visualized in Dirac's hole
picture where all the states of the lower continuum are occupied. Normally invis-
ible vacuum electrons now can escape to a region of space where they are observa-
ble, leaving behind positively charged holes, i.e. positrons. Since this is a
quantum process it is required that the potential difference is localized within
a few Compton wavelengths.

The only systems where one can hope to find this situation realized in nature
are atomic nuclei. Unfortunately, while the Coulomb potential well produced by
stable nuclei is very deep it is too narrow to support sufficiently deeply lying
electronic states. In a gedankenexperiment, however, the charge Z of a nucleus
may be increased beyond the limits set by nuclear stability. Then the atomic
bound states rapidly descend in energy, cf. Fig. 1. At a critical charge Zcr 2

173 (taking into account the finite nuclear extension) the binding energy of the
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E Ien vngve eeqycot'nu Figure 1: Lowest bound states
of the Dirac equation for nuc-
lei with charge Z. While the

3 2P3> ~ Sommerfeld fine-structure ener-
boun -Jgies (dotted lines) for K = -1

5D s toles __ 201 z end at Z = 137, the solutions
for extended Coulomb potentials

,\, . (full curves) can be traced
down to the negative energy

50c, ' continuum which is reached at
Ie r the critical charge Z cr The

bound states entering the con-
tinuum obtain a spreading
width.

lowest state (Is) reaches the threshold for pair creation, 2m. Beyond that limit
the 1s-state enters the negative energy continuum as a resonance. Within about
10

-
"
9 
s a hole prepared in the Is-state will be emitted spontaneously and escapes

to infinity. The K-shell of the remaining atom now is filled with electrons,
which, when removed by external forces, will be replaced almost immediately
through the process of pair creation. The new stable groundstate of the system
(electron positron field + external potential) contains real electrons, i.e. a
transition to a charged vacuum has taken place.

Although the problem of the critical coupling strength still is the subject of
theoretical investigations [2J, the concept of the charged vacuum has been worked
out in detail and is believed to be well understood (1].

The question remains, however, whether this new and interesting phenomenon can
be made the subject of experimental investigation. Perhaps by an accident of
nature, the critical charge Zcr has a value slightly below twice the charge ot

the most heavy stable elements. Thus it should be possible to produce a super-
critical field at least transiently in a heavy ion collision. So, formulating the
problem somewhat more broadly, we have to study the question to what extent the
electronic properties of an atom with nuclear charge Z = Z, + Z. can be deduced

from the outcome of a collision experiment using two separate atoms.

2. ATOMIC EXCITATION PROCESSES IN HEAVY ION COLLISIONS

A complete solution ot the quantum mechanical relativistic many particle ine-
lastic scattering problem clearly cannot be found. Due to the large mass of heavy
nuclei, however, the semiclassical method may be used to describp the electron
dynamics during the collision. Furthermore, electron correlation interactions
should be of minor importance for the processes of interest. Therefore the prob-
lem reduces to the solution of the time dependent two center Dirac equation

ia/at fi(t) = HTCD(R(t)) i(t), (1)

where
HTCD = &'.+ 8m + V1(rR(t)) + V$(-m,2(t)). (2)

Electron screening may be included in the Hamiltonian by a mean screening poten-
tial, also the magnetic interaction with the nuclear current may be added. The
index i denotes the initial conditions at t*-- from which the state #i evolves

in time. Within the independent particle approximation, the one-electron wave-
functions #i may be used to extract the full information on the excitation of the
many-particle system. The number of particles in the asymptotic eigenstate p=
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0 p(tl-) simply is

= k 2,Np= Zk<F I <Op (t-Xfk(t-P) 1(3)

where the summation extends over all states initially occupied, i.e. lying below
the 'Fermi level' F. Using the language of second quantization, expressions for
multiparticle states are easily derived [3].

To find the wavefunctions Ik(to-), the four dimensional partial differential

equation (1) may be integrated directly by numerical methods [41, which is par-
ticularly useful at high collision energies. As an alternative method we employ a
basis expansion of the time dependent wavefunction

f3k(t) = lj aij(t) o(R(t)) exp (-ixj(t)), 4

where the sum includes integration over continuum states of positive and negative
frequency.

We are mostly interested in collisions close to the nuclear Coulomb barrier
where the nuclear velocity is slow compared to the relativistc motion of inner
shell electrons. Thus an expansion in terms of adiabatic solutions o. of the two

center Dirac equation (quasimolecular basis) is best suited. This leads to the
well-known set of coupled differential equations for the amplitudes aij(t)

ij t) - k~j aik(t) <03 I a/at 10k> exp (i(xj-Xk)), (5)

with the initial condition a ij(--) = 6ij. The phase factors x.(t) are chosen to

eliminate the diagonal coupling matrix element.
Using the bound state solutions of the two center Dirac equation [5] it is

found that the matrix elements of the radial coupling operator A /*R involving
ns and np states are strongly peaked at small internuclear distances R. This
stands in contrast to the nonrelativistic case and is due to the relativistic
'collapse of the wavefunctions'. In the relevant region of small R the two cen-
ter potential can be approximated by its spherically symmetric monopole part.
Only quite recently the two center Dirac continuum problem was attacked. Using a
specially taylored representation of the Dirac spinors, K.H. Wietschorke and P.
SchlUter devised a method to construct continuum wavefunctions which in the
spherical limit become eigenstates of the Dirac angular momentum operator K.
Their results substantiate the validity of the monopole approximation, which, of
course, can be handled with much greater ease.

The model which we have briefly sketched in eqs. (1) to (5) leads to pred-
ictions on a variety of electronic excitation phenomena in heavy ion collisions.

Let us just mention some key results without going into any detail.
(1) Remarkably large K-shell excitation rates are predicted for close collisions
(small impact parameters). This can be understood from the relativistic con-
traction of the wavefunctions.
(2) The spectrum of 6 -electrons extends up to energies of several MeV with rea-
sonable intensity. This reflects the presence of high momentum components in the
quasimolecular relativistic wavefunctions.
(3) High energy quasimolecular X-ray radiation is emitted.

All of these predictions are in good, sometimes excellent agreement with
experimental data. Therefore it is justified to conclude that the dynamics of
inner shell electrons in collisions of very heavy ions can be well understood
using the language of superheavy quasimolecules. The effects of the strong
external field in such systems lead to characteristic properties quite foreign to
ordinary atomic physics.

Attempts to go beyond these statements, however, and to detect a signal from
the decay of the neutral vacuum seemed to prove rather futile. Obviously one wants
to look for the emission of positrons. To describe this process in the case of
supercritical collisions it is necessary to amend the formalism [3) to take prop-
er account of the resonance properties of the 'dived' is-state which has vanished
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from the bound state spectrum of the adiabatic Hamiltonian. To incorporate the
resonance into the formalism of eqs. (I) - (5) a projection operator technique
borrowed from nuclear physics has been used.

The formalism naturally leads to the ermergence of 'induced' and 'sponta-
neous' positron creation, the latter resulting from the presence of an unstable
state 0R in the expansion basis. In practice, however, this does not result in a

marked threshold behaviour at the border of the supercritical region. The rapid
variation of the quasimolecular potential causes significant contributions from
the dynamical coupling, whereas the period of time for which the internuclear
distance R(t) is less than Rcr is usually very short (- 10-2s) as compared with

the decay time of the is resonance (- I0- 1 s).
Therefore, the predicted production rates and energy spectra of positrons con-

tinue smoothly from the subcritical to the supercritical region. Nevertheless
the remarkably steep increase of positron emission intensity (roughly given by a

power law Pe Z22 ) in itself bears witness that the electron-positron field is
subject to extreme conditions in heavy ion collisions with Z = Zcr

3. POSITRON CREATION AND NUCLEAR REACTIONS

Qualitative deviations of the positron production rate in supercritical colli-
sion systems are expected only under favourable conditions: Since the 'spontane-
ous' and 'dynamical' couplings exhibit a different functional dependence on the
nuclear motion, an increase in collision time can be expected to provide a clear
signature for supercritical collisions. Therefore Rafelski, MUller, and Greiner
[6] suggested the study of positron emission in heavy ion reactions at bombarding
energies above the Coulomb barrier, where the formation of a di-nuclear system or
of a compound nucleus would eventually lead to a time delay within the bounds of
the critical distance R cr. During this sticking time T the spontaneous decay of

the iso resonance, by filling dynamically created K-shell holes under emission of
positrons, will be strongly enhanced.

Thus one is led to the general question, how to describe atomic excitations in
the presence of a nuclear reaction. This interesting field of research at the
borderline between two domains of physics usually separated has received much
attention during recent years. Here we will concentrate on the aspect of positron
creation, for a recent review cf. [7].

In a simple, schematic formulation a nuclear reaction, as far as the electrons
are concerned, is just characterized by a standstill of the nuclear motion for
some time interval T. This is easily incorporated into our semiclassical theory
[8]. The asymptotic excitation amplitude

afi(-) = Xqq, a iq(-,O) C qq(T) a qf(T,-) (7)

is determined by the solutions of the coupled channel equations (5) in the incom-
ing and outgoing parts of the trajectory, joined by the expectation value of the
time development operator

C qq(T) = <q, (R ) I e
-
iH(Ro )T I q(Ro). ( 8)

In the eigenstate basis this matrix just reduces to a phase factor
6qq, exp(-iE qT). When inserted into (7) this factor will lead to interference

effects observable in the energy spectra of the emitted electrons and positrons
[9]. Furthermore a significant reduction of K-hole production rates is predicted
for which experimental indications have been found [7] recently.

In supercritical collision systems the factor (8) gains special significance.
Due to the presence of a quasi-bound state in the basis, a nondiagonal coupling
term CIs,e + will arise, which grows with time T. The effect of this term is demon-
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Figure 2: Spectra of positrons created in subcritical (part a) and supercritical

heavy ion collisions (part b) assuming almost grazing Coulomb trajectories (full
lines) and nuclear reactions leading to delay times 3x, 6x, and 10 x 1021 sec,
respectively, using a schematic model for the trajectory [8].

strated in figure 2, where coupled channel calculations for a subcritical

(Z=164) and a supercritical (Z=184) system are compared.
In addition to the interference patterns an enhancement of positron prodLction

in time-delayed supercritical collisions is observed, where the binding energy of
the lowest bound states exceeds the value 2m . For long delay times a distirct
peak in the positron spectrum is found at the location of the supercritical bound
state resonance (binding energy minus 2m ) due to the spontaneous pair creation
process.

4. EXPERIMENTAL EVIDENCE FOR POSITRON LINE STRUCTURES

Several generations of experiments investigating positron creation in high-Z

heavy ion collisions have been performed at the Gesellschaft fUr Schwerionenfor-
schung (GSI) in Darmstadt.

During the past six years three different collaborations concentrated their
efforts on the investigation of the energy spectrum of positrons, measured in

collisions with well defined scattering kinematics. The groups make use of three
different experimental set-ups:
- The ORANGE spectrometer [10,11] (P. Kienle, Ch. Kozhuharov, and collabora-
tors);
" the EPOS detection system [12,13] ( J.S. Greenberg, H. Bokemeyer, J. Schweppe,
P. Vincent, D. Schwalm, and coworkers);

" the TORI spectrometer [14] (headed by E. Kankeleit).
Most of the measurements were performed on the systems Th+Th, U+Th, U+U,

Th+Cm, and U+Cm at bombarding energies in the vicinity of the nuclear Coulomb bar-

rier. In their gross structure, the experimental findings seem to be well under-
stood. For all the heavy ion systems, bombarding energies, and impact parameters

that were studied, the measured positron production is in good agreement with the
results of coupled channel calculations based on the quasimolecular model.
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Looked upon more closely, however, the measured energy spectra reveal remark-
able deviations from the predicted smooth shape. This is true for the results of
both the EPOS and the ORANGE group. The TORI experiments, dedicated mostly to the

study of e
+ 

and e- emission in deep inelastic nuclear collisions, have observed
less clear indications for this effect [15].

Let us discuss the experimental discovery in detail. Figure 3 shows some of
the most recent data obtained by the ORANGE spectrometer. Kienle's group measured
positron spectra in U+U collisions at 5.9 MeV/u in coincidence with the heavy ions
scattered into various angular windows. The broad curve (a) shows the theoretical
predictions for dynamical positron production, calculated under the assumption
that the nuclei move on Rutherford trajectories. The theoretical values have
been reduced by a common normalization factor 0.75 to give an optimal fit at high
positron energies. In all the spectra displayed in the figure, prominent struc-
tures are found. The 'positron lines' are centered at an energy Ee+ = 280 keV,

having a width of AE = 80 keV. The total production cross section is ae+ z 100vb.

The angular dependence is consistent with a fit -1/sin, which would correspond
to a distribution of the emitted nuclei which is isotropic in the reaction plane.
Very similar results also have been reported for the collision system U+Th,
except that here the cross section is smaller by a factor of 2.

Figure 4 shows the results of the EPOS group [13] for a variety of collision
systems in the range between Th+Th (Z=180) and U+Cm (Z=188). Striking line
structures with a width AE 5 80 keV have been observed in all the systems. (Note
tha+ in preparing the data particular 'kinematic cuts' have been chosen for the

U+U EIA:5.gMeVlu
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Figure 3: Positron spectra measured with the ORANGE spectrometer for U+U colli-
sions at the Coulomb barrier [11]. For various scattering angles a structure is
observed. N: Nuclear conversion background, which has been subtracted, a: Dynam-
ical positron creation from Rutherford scattering. b: Line-fit assuming sponta-
neous positron production from a long-lived nuclear quasimolecule.
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Figure 4a: Positron energy spectra for the collision systems U+Cm (Zu = 188),

Th+Cm (186), U+U (184), Th+U (182), and Th+Th (180) at bombarding energies close
to the Coulomb barrier measured by the EPOS group at GSI [13]. Positron lines at
Ee+ - 330 keV nearly independent of Z u , are clearly visible.

Figure 4b: Positron spectra corresponding to part a calculated under the assump-
tion that in all systems elongated giant nuclear molecules of similar type are
formed. The fraction of delayed collisions and the lifetime have been taken over
from the U+Cm system.
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scattering angles. This was used to enhance the line structure with respect to the
broad background.)

Before drawing far reaching conclusions on the origin of the new structures
depicted in figures 3 and 4, any explanation in terms of 'trivial' effects have to
be ruled out. Here one has to think of pair conversion processes from nuclear lev-
els excited by the Coulomb and nuclear force or through transfer reactions. Pair
conversion is known to be responsible for a quasi-continuous 'background' to the
observed positron spectra. In principle a very strongly excited state undergoing
conversion could lead to structures in the spectrum, although it is hard to under-
stand why various nuclei with different structure used in the experiments should
produce the same effect. Fortunately, nuclear conversion coefficients can be
calculated reliably [163. The resulting positron spectrum has a triangular shape
and the width of the spectra should be twice as large as the observed value.

Further experimental conclusions can be drawn from the energy distribution of
emitted i-rays and 6-electrons: Nuclear transitions of, e.g., multipolarity El
or E2 should also be observable in the spectra of photons with an intensity that
can be predicted. If the observed positron lines are caused by nuclear EO transi-
tions, one should also observe a distinct peak in the 6-electron distribution. No
such structures have been found in the experiments of the EPOS and the ORANGE
group [18,12 ]. From these arguments we can conclude that the sharp positron line
structure does not originate from a trivial conve:-sion in the separated collision
partners.

These conclusions are substantiated by two other experimental facts: The
Orange group [18] has measured the emission probability in the positron line as a
function of the azimuthal angle relative to the scattering plane. If positrons
are emitted from a system moving with the velocity of the center of mass, the
emission probability for a given positron energy can not depend on the azimuthal

i__2 
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Figure 5a: Ratio of positrons emitted in the scattering plane (0* S * S 450) to
those emitted off-plane (450 ! 0 ! 900), as a function of positron energy. For
emission- from the combined system moving into the beam direction this ratio
should be constant (=l.), whereas for an emission from the separated collision
partners the ratio should follow the dashed line (18].
Figure 5b: Doppler broadening of the positron line expected from projectile, tar-
get, and centre-of-momentum emission in binary scattering events from 6.05 MeV/u
U+Cm and 6.02 MeV/u Th+Cm collisions plotted as a function of the laboratory pro-
jectile scattering angle. Broadening is expressed as a fraction of the calculated
width for c.m. emission. The independence of the scattering angle indicates that
the emitting system travels with c.m. velocity. From [13].
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angle between the scattering plane and the positron detector. Thus, the ratio
N(in-plane) / N(off-plane) should be constant. For positron emission from the
separated collision partners, however, the ratio should follow the curve dis-
played in figure 5a. A preliminary analysis of these data indicates that the
emitting system moves in the direction of the beam (i.e., the center of mass).

The EPOS group [13] used the widths of the peaks to determine the emitter
velocity. They appear to be independent of the scattering angle for all collision
systems investigated. Moreover, it was found that the observed width corresponds
to the value expected from Doppler broadening, assuming that the source moves
with center of momentum velocity, cf.Figure 5b.

Thus the experimental evidence presently available seems to exclude the
hypothesis that the positron line is emitted by the separating nuclei. Instead,
the emitting source seems to be correlated with the center of mass motion of the
heavy ion system.

5. PRODUCTION OF A NEW ELEMENTARY PARTICLE?

Looking at the experimental spectra one might be led to the conclusion that all
the observed positron lines have a single common origin. One mechanism which in a
natural way would lead to exactly the same positron energy in all systems is the
creation of a new light particle X decaying under positron emission [19,20].
Although such an explanation is highly speculative it seems worth while to inves-
tigate its consequences and check its consistency with the experimental facts.

We will concentrate on the hypothesis that the new particle is a neutral boson
+ -

decaying into an electron-positron pair, X -e +e . The mass required to explain
a positron energy of Ee+ = 330 keV is mX = 2 (me + E e+ ) 1.68 MeV. One candidate

for the new particle is the pseudoscalar axion which has been postulated on the-
oretical grounds in order to explain the absence of CP violating terms in the
theory of strong interaction [21]. However, since at least the standard axion
model is in conflict with experiment we will leave open the type of coupling of
the particle, only assuming that it couples linearly to the lepton fields, with

the interaction Lagrangian L = g r 0 where rs=i, rp= ixs , r V= T, and rA= TIT

for scalar ,pseudoscalar, vector and axial vector coupling.
Let us discuss the kinematical aspects of the hypothesis that in heavy ion col-

lisions new particles of mass mX are created which decay into electron-positron

pairs. The energy distribution of positrons (or electrons) will be broadened
since: (1) the distribution of the created bosons will have a finite energy spread
in the heavy ion center of mass system; (2) the proper momentum of the moving par-
ticles adds up to the momentum of the decay products depending on a varying rela-
tive angle. Therefore the mere fact that particles with an appropriate mass mX

are created does not automatically guarantee the emergence of a line in the posi-
tron spectrum having the observed narrow width r ! 80 keV.

If the particles are radiated dynamically during the course of the heavy ion
collision, their energy distribution must be rather broad, reflecting the avail-
able 'Fourier frequencies' of the nuclear motion. The possible emergence of a
line structure in the spectrum of the decay products depends sensitively not only
on the fall-off constant of the particle spectrum but even more so on its behavi-
our at small kinetic energies. In Figure 6 we show the expected positron spectra
in the laboratory for two different assumptions on the energy distribution of
created X-particles. If the latter is an exponential function dw/dE with respect
to energy, the line width comes nowhere near the required value. This situation
would change if the low-velocity component of the particle spectrum were
enhanced. If we assume an exponential decrease of dw/dp with respect to momentum,
sufficiently narrow line spectra can be produced, cf. Figure 6b. However, explic-

it models for the production mechanism lead to just the opposite effect: The low
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momentum emission is suppressed. Thus, the particle creation hypothesis from the
outset suffers from the shortcoming, not to predict the correct positron

line-width.
Further severe problems are encountered if we try to explain the required pro-

duction cross section of the order 100 jib. For the coupling constant strict upper
limits can be found by looking at the effects, virtual X-creation would have on
well understood high-precision data. The coupling to the electron will influence

the electronic anomalous magnetic moment. The contribution to the electron anoma-

ly a= '-(g-2) is proportional to the squared coupling constant, Aa =

(ae/2r),K(mX/me) where K is a slowly varying function of the mass ratio. From

the high level of agreement between theory and experiment for the g-factor of the

electron an upper limit for the coupling strength a
e 

. 10
-
8 is found, quite

independent of the Lorentz coupling type (S, P, V, A).
An estimate of the dynamical particle creation cross section in heavy ion col-

lision at the Coulomb barrier using this coupling constant falls short of exper-
iment by about five orders of magnitude. Therefore the hypothesis that a light
boson created via coupling to the electron field is responsible for the observed
positron line seems not to be tenable.

Similar arguments apply also if we assume that the particle is created from the
nuclear current. Since a light boson creates an additional short range potential
competing with the electromagnetic interaction, atomic physics data are sensitive
to its presence. From the Lamb-shift,in hydrogen, e.g., we find an upper limit for

the product of coupling constants gegP/4m < 10
-7 

(except for a pseudoscalar par-
ticle, which has vanishing coupling to the nucleon in the nonrelativistic limit).

The particle creation mechanism can be calculated in the semiclassical approx-
imation, in close analogy to the semiclassical approach to electromagnetic
bremsstrahlung. Results oF a calculation [22] of scalar and pseudoscalar parti-
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Figure 6a,b: Positron spectrum in the lab. system following the two-body decay of
a light boson of - 1.7 MeV mass. If the production spectrum with respect to kinet-
ic energy falls off exponentially, no sharp line can be produced (a). The assump-
tion of an exponential source spectrum with respect to momentum could explain a
narrow positron line (b).

PFiure 7: The predicted spectrum of scalar or pseudoscalar particles emitted in a
U+U collision by a nuclear bremsstrahlung mechanism.
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cle emission are shown in Figure 7 for a collision of U+U at 6 MeV/nucleon bom-

barding energy. The spectra exhibit broad maxima at EX = 600 keV and decay

exponentially at high energies. At low kinetic energy the intensity is sup-

pressed. This argument alone is sufficient to rule out the bremsstrahlung cre-

ation of a new particle, since the decay can not lead to narrow positron spectra.

Furthermore, the intensity is much too low, in view of the limit on the coupling

constant.
From these arguments we conclude that the creation of a new particle with line-

ar coupling to other fields is not able to explain the positron lines on quantita-

tive reasons. Only if one is willing to accept nonlinear interactions with matter

fields, the 'particle scenario' for the origin of the positron lines cannot be

ruled out absolutely.

6. FORMATION OF GIANT NUCLEAR SYSTEMS?

6.1 Analysis of the Positron Line
According to the experimental investigations summarized in Sect. 4 it seems

very urlikely that a trivial explanation for the observed positron line struc-
tures can be found. Therefore we come back to the theoretical concept which ori-
ginally had stimulated the experimental searches and asK the questions: Are the

observed positron lines related to the strong Coulomb field? Do they signal the
decay of the vacuum?

From the arguments of Sect. 3 it is obvious that calculations based on nuclear

Rutherford scattering do not support such an interpretation. In fact, by the
time-energy uncertainty relation the small width AE S 80 keV of the positron
lines calls for a life-time of the emitting system larger than several tiies

10
-
' s. This is more than an order of magnitude larger than the 'diving time

interval' defined by R(t) < Rcr. To explain the experiment we have to assume that

a rather long lived superheavy nuclear complex is formed. Then the experimertal
spectra can be described by a superposition of Rutherford collisions (giving the

broad basis spectrum) and a small fraction of delayed collisions, since positron
production is very strongly enhanced for reaction times larger than 10

- 2
* s.

Position, width, and strength of the spontaneous positron line are determined
by the nuclear reaction process: The kinetic energy of spontaneously created
positrons by the shape of the giant nuclear molecule and by the (partly screened)
nuclear charge, the line width bv the nuclear reaction time T for not too short
nuclear reactions (for very long reaction times T ) h/r by the spontaneous decay
width r); and the relative strength by the life time of the nuclear composite sys-
tem and by the ratio q defining the number of nuclear molecule residues per elas-
tically scattered ion in the angular window considered.

To explain the U-Cm measurement at 6.05 MeV/u [12J
an elongat+,d, molecular configuration of the two nuclei has to be
assumed ( two center distance R = 16.3 fm if the screened electronic energy is
used). The reaction time used for the fit is 10-1' s and the fraction of delayed
collisions required is q = 1.3xiO-'. This corresponds to a reaction cross section
of roughly 20 mb assuming isotropic breakup of the nuclear composite system.

6.2 Nuclear Physics Aspects
The analysis presented so far has been phenomenological, deducing nuclear phy-

sics properties from the experimental data on positron line production. Ulti-
mately, however, it should be possible to understand the results in terms of a

theoretical model and to make predictions. Due to the complexity of the problem,
this goal has been reached only partly up to now.

According to the conventional lore of nuclear physics, the collision of very
heavy ions should be dominated by the strong Coulomb repulsion. How-ver, Sei-
wert, Oberacker and collaborators have shown that the attractive force between
the touching nuclear surfaces even in such systems may be strong enough to over-
come the Coulomb force. Using a doube folding model which successfully describes
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,,ith surface thickness corrections for various orientations of the
colliding nuclei show attractive potential pockets [23]. The arrows desig-
nate the values required to explain the positron lines. Part c gives an
impression of the nuclear shapes involved in the collision of two uranium nuclei.

elastical scattering of medium heavy nuclei, the internuclear potential was found
to bend down as the nuclear atmospheres start to overlap [231 In the case of
strong overlap, spurious volume and surface terms had to be renormalized, so that
the detailed results can be only indicative. Nevertheless, it is encouraging
that the calculation is able to predict pockets in the internuclear potential.
Two examples are shown in Figure 8 for several orientations of the two strongly
deformed actinide nuclei. The energ tically most favourable situation is found
for the head on head orientation, since here the Coulomb repulsion is smallest. It
is remarkable that in the U+Cm system the potential pocket exactly corresponds to
the bombarding energy and nuclear elongation required to explain the positron
peak.

To improve the schematic method (frozen-in nuclear motion) by which the nucle-
ar reaction has been described up to now, U. Heinz et al. extended the theory
towards a quantum mechanical treatment of the nuclear relative motion [24]. This
in principle allows to calculate the mechanism responsible for nuclear delayed
reactions. If the atomic and nuclear excitations can be localized in different
spatial regions, a formula for atomic excitation amplitudes completely analogous
to eq. (7) can be deduced. But now the time developmenL matrix C qq(T) is replaced

by the nuclear scattering matrix [ 25 ]. From this it can be shown that the sche-
matic classical model of Sect. 3 in fact is equivalent to the quantal formulation
if the result is averaged over a life-time distribution function f(T). This func-
tion is given by the Fourier transform of the nuclear autocorrelation function.
Under the assumption that the potential pocket supports a large number of closely
spaced collective rotational bands, the emergence of a reaction component with
long life-time was deduced within this framework. The model up to now is too

crude to give quantitative predictions of the positron lines. In particular, it
will be important to include inelastic channels which should increas- the forma-
tion probability, while, on the other hand, preference of nuclear alignment at
0=9O1 [26] will have the reverse effect. Despite its shortcomings the model makes
an important prediction on the excitation function of the process: At energies
far below the potential barrier, resonances are too narrow to be excited, and the

cross section for long delayed scattering events is negligible. Far above the
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barrier, the beam can only hit the high-lying short lived resonances. Therefore
the excitation function of the positron line should be narrow.

6.3 Problems and Speculations
The hypothesis of giant nuclear molecule formation has been quite successful

to explain the monoenergetic positro: emission in the U+Cm system. There is, how-
ever, a serious problem with this model: It does not in a natiral way, predict the

energetic position of the positron line for different heavy ion systems. This is
demonstrated in Figure 4b, where we have assumed that in all cases the same type
of nuclear reaction takes place. The extension of the nuclear molecule was deter-
mined by the requirement of half density overlap of the nuclear surfaces. Within
the Hartree-Fock-Slater (HFS) formalism, assuming 50-fold ionisation of the qua-
simolecules, the binding energies of the molecular Iso states are 1080 keV for
Th+Th, 1135 keV for U+Th, 1195 keV for U+U, 1270 keV for Th+Cm, and 1340 keV for
U+Cm. Assuming equal conditions for the nuclear reaction process and the parame-
ters used to explain the U+Cm spectrum, the model of spontaneous positron pro-
duction from a giant nuclear molecule predicts a shift of the positron line and a
distinct reduction in intensity (due to the smaller spontaneus decay width r) if
Z is decreased. [This reduction in intensity could be avoided if the life-time of
the nuclear system were very large, so that in all cases a large fraction of the
K-holes present (P1 SO(t=O) = 5%) were emitted as positrons, irrespective of the

spontaneous decay width.]
The expected relation between the positron line energy and the total nuclear

charge is shown in Figure 9 for three different assumptions on the nuclear con-
figuration. (In the absence of electron screening, the curves would be shifted by
about 100 keV towards higher energy.) Obviously the expected trend is not in

Figure 9: Summary of positions of
.' .. .Cm . observed positron lines in the

experiments on the EPOS (o) [12,13]
and ORANGE-spectrometers (m) [10] as
a function of united charge Z . The

u
full line shows the theoretical res-
onance energies assuming a nuclear

- molecule at half density surface
overlap for the most elongated con-

Sfiguration, the long-dashed linestands for the belly-to-belly con-

figuration. The dashed line repres-

ents calculations for the most
amalgamated configuration of a

z, spherical nucleus of normal nuclear
180 18. 8 186 1 density Electron screening has

been included within the HFS method,
assuming 50-fold ionization.

accordance with the experimental data. The sets of data points from the EPOS and
the ORANGE group essentially are Z-independent, while they show systematic devi-
ations from each other.

Presently only speculations on the reason for the observed systematics of line

energies can be given.
1. It is possible that the shape of the giant nuclear complex strongly depends on
the nucleon number and is more spherical for smaller nuclei. The nuclear matter
properties in the region A = 480 could be radically different from that known from

ordinary nuclei. In particular, the compressibility may be strongly altered due
to the quark degree of freedom [27].
2. It is conceivable that in all collisions the same nucleus is formed (probably
by fast a-emission), followed by spontaneous positron production characterized by
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the charge of the residual nucleus.
3. Part of the positron lines may be of different origin. If we want to stay in

accordance with the evidence for emission from the center of mass system (cf.

Sect. 4) one possible supplementary mechanism is conversion in the nuclear com-

pound system. Due to the relativistic shrinkage of the wavefunctions, such a mech-

anism can be very fast, contrary to what we are used to in ordinary nuclei. Figure

10 shows results of an illustrative quantum mechanical calculation [28] of such a
process. Energy is transferred from a transition between two states in a nuclear
potential pocket to the positron producing a second peak of appreciable intensi-
ty. In this way the spontaneous positron emission can be accompanied by 'satel-
lite peaks' at higher or lower energy (if energy is absorbed by the nucleus),
quite analogous to the Stokes and Anti-Stokes lines known from molecular physics.
Note that the process of conversion in the compound system does not depend on the
presence of spontaneous positron creation and can be present also in subcritical
systems.

20 dFe./dE [10/keV] E 56Me/u

OIL-
0500 1000 E~mcz2]

Figure 10: Scattering potential of a U+U collision system and resulting
positron spectrum showing two line structures which originate from different pro-

cesses. The first peak at Ee+ = 200 keV originates from the spontaneous decay of

a hole in the supercritical Is state. The second peak at Ee+ = 1200 keV emerges

due to conversion: the energy set free in a transition between two states in a

pote'tial pocket is transferred to the positron [28].

None of these speculations up to now has be put on a firm basis. In part this
is due to the incompleteness of the presently available experimental data. Let us
mention some of the problems: (1) A slowly varying excitation function was found

by the ORANGE group, while it seems to be very sharply peaked at the Coulomb bar-
rier according to the EPOS experiment. (2) The energetic positions show system-
atic deviations between both groups. (3) It is not clear whether there are
significant line structures in subcritical collision systems. (4) The dependence
on the heavy ion scattering angle and the role played by the 'kinematic cuts' in
the EPOS experiment is not fully understood.

7 SUMMARY

The gross features of positron creation in heavy ion collisions can be well

understood within the quasimolecular model. They reflect the action of the
strong nuclear Coulomb field and are dominated by relativistic effect. In addi-
tion to these features two experimental groups have discovered stiking narrow

structures in the positron spectra at bombarding energies close to the Coulomb
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barrier. All the experimental evidence collected up to now strongly suggests that
the effect does not have a trivial explanation in terms of pair conversion in the
separating excited nuclei. On the basis of this experimental evidence, we are
compelled to search for nonconventional explanations. Only two mechanisms have
been found which in principle are able to explain the positron line, both having
quite radical consequences.

The hypothesis that a new elementary particle of mass 1.68 MeV has been found
(Sect. 5) is highly improbable since the coupling constants required to explain
the measured positron cross section are much too large to be reconciled with
established high precision data. If one does not take recourse to the assumption
of a nonlinear coupling to other matter fields, the hypothesis can be ruled out.

We are left with the explanation that the observed effect originates from a
giant nuclear complex with a lifetime T= 10-"

' 
s (Sect. 6). The decay of the QED

vacuum in supercritical fields then provides a natural mechanism for mono-
chromatic positron emission. This interpretation of the data, however, is beset
with the problem that it does not in a natural way predicts the observed nearly
constant line energy. Unusual and presently not understood properties of the
giant nucleus have to be invoked. Particularly in view of several discepancies
between the results of the different experiments, we have to conclude that a fully
consistent picture of positron creation in heavy ion collisions which can explain
all the experimental data has not yet emerged.
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ANOMALOUS POSITRON PEAKS FROM SUPERHEAVY COLLISION SYSTEMS

John SCHWEPPE

Yale University, A. W. Wright Nuclear Structure Laboratory, P.O. Box 6666,

New Haven, CT 06511, USA

Narrow peaks are observed in the positron energy distributions of five
supercritical collision systems with combined nuclea- charge
180 : Zu : 188. The peaks appear to be produced in a narrow range of pro-
jectile energies near the Coulomb barrier. Several observations exclude
nuclear internal pair conversion as a source of the peaks. A particularly
notable feature is an apparent independence of the peak energy on Zu . A
similar peak is observed in a subcritical collision system. These observa-
tions are discussed in the context of the spontaneous decay of the QED vac-

uum and other new potential sources of line positron spectra.

1. INTRODUCTION

We have conducted a series of experiments (1) in the last years to systemat-
ically study the production of anomalous peak structures in the energy distrib-

ution of positrons emitted in superheavy collision systems. The experiments were
undertaken to determine the origin of the peaks, with particular emphasis on

their possible connection to spontaneous positron production. This process is
predicted (2) to occur when a vacant electronic state becomes supercritically
bound to a nuclear charge distribution with a binding energy greater than 2mc

2 .

An unstable electron-positron vacuum state is then created which decays spontane-
ously by positron emission if the supercritically bound state is unoccupied.

The motivation for this study was particularly the discovery (3) of a narrow
peak in the energy distribution of positrons emitted from the U+Cm collision sys-
tera associated with a particular particle scattering-angle region, as shown in
Figure 1, part (a). (Peak structures have also been reported in another investi-
gation (4).) The region has been empirically chosen to enhance the peak relative
to the underlying smooth continuum of positrons dynamically produced during the
collision, and takes advantage of an apparent shift in the kinematic correlations
of the scattering events associated with the peak relative to the dominant Ruth-
erford-scattering events. Part (b) shows a neighboring angular region where the

peak is absent, demonstrating that the peak is not a trivial apparatus effect.
The peak appears at a positron kinetic energy of 316 ± 10 keV with a measured

width of about 80 keV. Calculations (5,6) of the binding energy of the innermost
electron for a di-nuclear complex consisting of an uranium and a curium nucleus
side by side reproduced this energy. The width of the peak implies a source liv-
ing a 10-20 s, or more than 10 times longer than the Rutherford-scattering colli-
sion time. At the same time, the width is consistent with the Doppler broadening
expected for a source moving with the velocity of the center of mass of the two
colliding nuclei. In addition, the appearance of the peak in a narrow range of
bombarding energies near the Coulomb barrier, its apparent association with scat-

tering events differing in their particle scattering-angle dependence from the
dominant Rutherford-scattering events, and the absence of lines in the simultane-
ously measured gamma-ray and electron spectra had prompted the suggestion (5)

that the line could be due to spontaneous positron emission enhanced (7) by the
formation of long-lived, di-nuclear molecular complexes in these collisions near
the Coulomb barrier.
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FIGURE I
Positron energy distribution observed for the U+Cm collision system at a projec-
tile energy of 6.05 MeV/u. Parts (a) and (b) are associated with two neighboring
regions of particle scattering angles, as described in the text. The dashed
lines represent a fitted sum of the nuclear positron background deduced from
X-ray spectra and a theoretical calculation (16) of the dynamic positron pro-
duction.

The experimental study that we have undertaken concentrated on two aspects
that have a direct bearing on the hypothesis of spontaneous positron production.
Spontaneous positron emission would clearly imply emission from the center of
mass of the colliding nuclei as opposed to either of the two collision partners.
In addition, theoretical calculations (5) predict a strong, Z11 dependence on the
combined nuclear charge for the energy of the peak, a change in energy that would
be readily observable even with the restricted range of available targets and
heavy-ion beams.

The experiments were carried out with the UNILAC heavy-ion accelerator at GSI
Darmstadt and the EPOS spectrometer (8) depicted in Figure 2. The positron spec-
trometer uses the axial focussing property of a solenoidal magnetic field for
charged particles together with a baffle system and an annihilation radiation
detector to provide a large detection efficiency for positrons while suppressing
the huge gamma-ray and electron backgrounds. Two position-sensitive,
parallel-plate, avalanche particle detectors determine the kinematic parameters
for each collision, allowing the isolation of interesting scattering events. The
background of positrons from the internal pair conversion of excited nuclear
states is calculated from the gamma-ray flux monitored in NaI(Tl) detectors. The
possibility of structure in the positron energy spectrum from the internal pair
conversion of strong, isolated, nuclear transitions is checked with the gamma-ray
measurement and the detection of electrons in a planar Si(Li) detector axially
mounted behind the magnetic mirror field on the opposite arm of the solenoid as
the positron detector.
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FIGURE 2
Schematic view of the EPOS spectrometer (upper panel) and a perspective drawing
of the main components (lower panel).

2. POSITRON PEAKS IN SUPERCRITICAL SYSTEMS

2.1. Similar Peaks Observed in All Measured Supercritical Systems
The positron production was measured in five different collision systems that

span the supercritical range of combined nuclear charge Zu s Zp + Zt from 188
down to 180. The systems studied were 23'U + "'Cn (Zu = 188), 232Th + 26'Cm
(186), 23

SU + 
2 3

U (184), 232
Th + 

2
3U (182), and "12Th + 

2 "Th (180). In each
case the projectile kiretic energy was scaled from the original U+Cm measurement
to produce the same pnrtial overlap of the deformed nuclear-density distributions
in a head-on, end-to-end collision. The measured positron energy distributions
are shown in Figure 3. (Part (a) repeats the plot of Figure 1 and part (b) shows
a remeasurement of the same system with improved detection eficiency.) In each
plot a prominent peak is visible above the dynamic continuum. Again, kinematic
constraints similar to those described above have been applied to enhance the
peak relative to the dynamic background. As is apparent, the energy and width of
the peak is nearly the same in all systems.
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FIGURE 3
Positron energy distributions for the five collision systems and projectile ener-
gies indicated. Kinematic constraints have been chosen as discussed in the text.

2.2. Nuclear Internal Pair Conversion
Since an obvious trivial source of positrons in heavy-ion collisions is the

internal pair conversion of nuclear states excited during the collision, we have
investigated this possibility by a study of the lineshape of the positron peak
and of the simultar-ously measured gamma-ray and electron distributions. Both
normal internal pair conversion (IPC) and the rare monoenergetic internal pair
conversion (MIPC) process have been considered. In the second case, the electron
is captured into a vacant electron orbital (predominantly the close-lying
K-shell) leaving the positron in a state of well-defined energy. In both cases,
however, the experimental data speak against a nuclear origin for the positron
peaks.

To begin with, the narrow width alone of the peaks of - 70 keV effectively
excludes normal IPC in either of the two colliding nuclei, since this process
produces a triangular-shaped positron energy distribution with a width (FWHM) of
- 150 keV at the peak energy of - 340 keV.

Moreover, IPC would compete with the internal conversion of an electron for an
EO nuclear transition or with gamma-ray emission for all higher multipolarity
transitions. Electron and gamma-ray spectra measured simultaneously with the
positron distributions shown above in Figure 3, however, show no structure con-
sistent with an explanation of the positron peak if due to IPC. Figure 4 shows
the electron spectrum (histogram) measured for the U+Cm collision system simulta-
neously and under the same kinematic constraints as the positron spectrum in Fig-
ure 3(b) above. The solid line indicates the structure which must be present to
account for the intensity of the peak in the positron spectrum by IPC of an EO
transition (9). Figure 5(a) shows the same calculation for the measured
gamma-ray spectrum for El (dashed line) and E2 (solid line) (10). Higher multi-
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polarity transitions have smaller IPC coefficients and would require even larger
structures in the gamma-ray spectrum.

The same calculation for the case of monoenergetic internal pair conversion is
show for EO transitions as the dotted line in Figure 4 and for El and E2 transi-
tions in Figure 5(b) (11). Since in this case the capture of the electron of the
internally converted pair requires a vacancy, some assumption about the vacancy
production is necessary. The very fact that the typical lifetime of a K-shell
vacancy in heavy ions of - 10" s (12) i5 about four or five orders of magnitude
shorter than the typical conversion time of - 10

"
3 to 10

-
2 s implies that this

process must be strongly surpressed. The calculations shown in Figures 4 and
5(b) assume one K-shell vacancy on the average still present at the time of the
conversion, even though the considerations above imply that s 10

-
1 is more real-

istic. A more detailed calculation shows that on the average nearly two vacan-
cies must live for 10' the normal K-shell vacancy lifetime to account for the
positron peak by MIPC. The absence of large enough structure in either the elec-
tron or the gamma-ray spectrum seems to rule out a nuclear origin for the posi-
tron peak.
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Electron energy distribution for the ET [ keV I
U+Cm collision system at a projectile
energy of 6.05 MeV/u. The kinematic
constraints match those of Figure 3(b).
The dashed line is a calculation of the FIGURE 5
needed intensity to explain the positron Gamma-ray energy distribution for the
peak in Figure 3(b) by IPC, the dotted U+Cm collision system at a projectile
line that by MIPC. energy of 6.05 MeV/u. The kinematic

constraints match those of Figure 3(b).
The lines in part (a) are a calculation
of the needed intensity to explain the
positron peak In Figure 3(b) by IPC of
an El (dashed) or E2 (solid) transition.

A similar calculation is shown In part
(b) for MIPC.
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2.3. Velocity of the Emitting System
The Doppler-broadened width of the positron peak also provides information on

the velocity of the positron emitter system. If the positron production is
roughly isotropic in the coordinate system of an emitter which is moving along
the beam direction, and since the solenoidal positron transport system lies per-
pendicular to the beam axis, the main Doppler effect is a broadening AE = 2

0TPe+
of the positron line shape proportional to the emitter velocity, with only a
small Doppler shift 6E = (r-1)(Ee-+mc'). As an example, the line shape measured
in the laboratory for monoenergetic positron emission with Ee+ = 315 keV in the
center of mass (CM) of the U+Cm collision system at a bombarding energy of 6.05
MeV/u (cf. Figure 3(a) above) is shown as the solid line in Figure 6. The dotted
line shows the expected lineshape including the effects of the positron detection
system. (The dip in the middle of the line shape is due to reduced detection
efficiency for positrons emitted along the solenoid axis which pass through the
mirror field or strike thp center of the electron baffle system. Note that this
line shape must also be folded with the response function of the Si(Li) positron
detector.) The main effect on the 315 keV line is clearly a Doppler broadening of
73 keV, with a shift of only 1.3 keV.

To confirm these calculations, the line shape has been measured by observing
the internal conversion electron lines from short-lived states of "

2
'Ba formed in

the nuclear reaction '2C(ll'Sn,4n)1z2Ba*. The results of the measurement made
with a beam of "Z'Sn on carbon foils at a bombarding energy of 5.86 MeV/u
(5cm = 0.101 for tlBa) is shown in Figure 7. The solid and dashed lines show the
results of a ray-tracing calcualtion of the expected electron line shape in the
laboratory. As can be seen, the overall agreement is very good. The calculated
width of 109 keV for the most prominent structure (K-conversion of the 2

+  
0
+

transition in 1
2

3a) is in excellent agreement with the measured value of 107 ± 5
keV.
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FIGURE 6 FIGURE 7
The laboratory lineshape (solid line) of Electron energy distribution for the
monoenergetic positron emission with "'Sn + '2C collision system at a pro-
Ee- 

= 
315 keV in the CM of the U+Cm col- jectile energy of 5.86 MeV/u. The

lision system at a projectile energy of observed structures are electron con-
6.05 MeV/u. The dashed line shows the version lines in '

2
'Ba. The lines are

lineshape measured by the EPOS spectrom- Monte Carlo calculations of the expected
eter. laboratory electron lineshape.



Anomalous Positron Peaks from Superheavy Collision Systems 411

If we assume for the sake of illustration that the positron emission comes
from either the center of mass of the collision system or from one of the scatter-
ing nuclei, the Doppler-broadened width of the positron peak can be used to dis-
tinguish between these two cases by measuring the width as a function of the
scattering angle of one of the nuclei. (The minimum Doppler-broadening, for
emission from the CM, of - 70 keV, dominates the - 12 keV intrinsic resolution of
the Si(Li) positron detector.) The dash-dot line in Fig. 8 shows the constant
width as a function of scattering angle expected for emission from the CM while
the dashed lines show the angular dependence for emission from the projectile or
the target nucleus, respectively (depicted as the ratio to the constant CM
width). The measured data points are from the two collision systems U+Cm (cir-
cles) and Th+Cm (squares), which are sufficiently asymmetric in mass to allow an
unambiguous kinematic determination of the nuclear scattering angles. The meas-
ured width of the positron line is nearly constant as a function of angle and con-
sistent in magnitude with emission from an object moving with the CM velocity
rather than from either of the separate nuclei.

It must be stressed that the conclusions reached above follow only under the
assumption that the positron emission comes from either the CM of the collision
system or from one of the detected scattered nuclei. Other possibilities to pro-
duce a narrow positron line involving the isotropic creation of a positron source
in the CM with a broad distribution of velocities including low velocity compo-
nents will be discussed below.

2.4. Z-dependence of the Peak Energy
Probably the most notable feature of the data assembled in Figure 3, however,

is the apparent constancy of the energy of the main peak observed in all colli-
sion systems. This is summarized in Figure 9, where the peak energy is plotted
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FIGURE 8 FIGURE 9
The measured, Doppler-broadened width The mean energies of the positron peaks
of the positron peak in the 6.05 MeV/u in FIGURE 3 are plotted as a function of
U+Cm (circles) and the 6.02 MeV/u Th+Cm Zu. The calculated (5) lines are
(squares) collision systems is plotted described in the text.
against the projectile scattering
angle. The lines show the calculated
width for emission from the projectile,
recoil, and CM system, as indicated,
expressed as a fraction of the CM width.
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against the combined nuclear charge, Zu . A simple average of the peak energies
is 336 ± 10 keV. Also shown are the theoretical predictions (5) for spontaneous
positron production from a nuclear complex living long enough (? 10-'' s) to
account for the narrow width of the peak. The three different calculated lines
demonstrate not only the strong dependence of the peak energy on Zu, but also
show its dependence on the nuclear configuration and the screening effects of
atomic ionization. Lines (a) and (b) give the limiting cases of nuclear config-
uration for the expected ionization of about 50

+
. Line (a) shows the Zu-depend-

ence for two deformed nuclei sticking together end-to-end, separated by 17 fm,
while line (b) shows the dependence assuming the two nuclei have coalesced into a
spherical form. Line (c) demonstrates the additional effect of screening un.er
the assumption that all electrons are stripped away from the spherical nuclear
configuration.

Clearly the observed peaks can be accomodated within a scenario based on spon-
taneous positron production only if the nuclear configuration and the atomic ion-
ization should track with Zu in such a way as to produce a nearly constant binding
energy for the iso electron state that should be responsible for the positron
peak. In addition, the colliding nuclei must somehow coalesce into a spherical
form and re-emerge in a way that reproduces the two-body kinematics of Rutherford
scattering in order to satisfy our kinematic constraints. The alternate possi-
bility of forming the same, particularly stable, spherical nuclear complex in all
these collision systems is excluded by the requirement that Zu s 180, in which
case enough nucleons must be ejected from the heavier collision systems to fall
outside the kinematic constraints applied to produce the spectra in Figure 3 (un-
less the ejected nucleons nave highly assymetric angular distributions). The
posibility (13) of forming a narrow positron peak from the fast (- 10

-
" s)

internal pair conversion of a transition in a composite nuclear complex formed
during the collision suffers from the need for a dominating transition of nearly
the same energy in all the different collision systems.

3. POSITRON PEAKS IN SUBCRITICAL SYSTEMS

Because of these difficulties with an explanation for the peak based on spon-
taneous positron production, we have recently extended our measurements to the
subcritical system "''Th + "'Ta with Zu = 163, well below the spontaneous thres-
hold of Zcrit = 173 (14) predicted for normal nuclear density. Scaling the beam
energy as described above and using similar kinematic constraints produces the
positron energy distribution shown in Figure 10. A peak structure with approxi-
mately the same energy and width as those seen in the supercritical systems
described above is evident.

A more careful analysis is necessary here because, contrary to all the super-
critical collision systems considered above, in this case structure is found in
the gamma-ray spectrum which allows a possible contribution to the positron peak
from the internal pair conversion of a nuclear transition. The structure in the
gamma-ray spectra, which appears most prominently for particle scattering angles
associated with far collisions, does not seem to be correlated in scattering
angle, however, to the prominent peak in the positron distribution. Indeed, the
structure is barely visible in Figure 11 in the gamma-ray distribution with the
same kinematic constraints as the positron spectrum of Figure 10. An analysis
similar to that described above for the U+Cm collision system in Figure 5 is
shown by the dashed and dotted lines in Figure 11 (which, as above, give the
required absolute gamma-ray intensity). It can be seen that also in this sub-
critical collision system, there is not enough intensity evident in the gamma-ray
spectrum to account consistently for all of the positron peak by nuclear proc-
esses.

In addition, the reverse analysis of calculating from the intensity of the
gamma-ray line the corresponding contribution through internal pair conversion
to the positron emission, indicates that IPC of an El transition can account for
no more than 25 ± 10 % of the positron peak intensity, as well as requiring much
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Gamma-ray energy dist-ibution for the

FIGURE 1 Th+Ta collision system at a projectile
Positron energy distriLJtion for the energy of 5.8 MeV/u. Kinematic con-
Th+Ta collision system at a projectile straints match those of Figure 10. The

energy of 5.8 MeV/u. Kinemat-c con- lines are a calculation of the needed
straints have been chosen as described intensity to explain the positron peak

in the text. in Figure 10 by IPC of an El (dotted) or

E2 (dashed) transition.

too broad a structure in the positron spectrum. Higher multipolarities, of
course, can account for even less. As above for the supercritical ystems, the
electron spectrum shows no structure, and the internal conversion of an EO tran-
sition can also be excluded as a source of the positron peak.

There is thus strong evidence that the same positron peak seen in the super-

critical collision systems is also present in a subcritical system. This would

effectively rule out spontaneous positron production as a possible source of all
the peaks and point to the necessity of another explanation.

4. POSITRON LTNE SHAPL rOR A TWO-BODY DECAY

The similar energy of the positron emission in all the different collision

systems certainly suggests a common source. A ready explanation for the appar-

ently constant, nearly monoenergetic positron emission would be the two-body

decay of an undetected source produced during the heavy-ion collisions or in the
decay of an excited nulear state. Two obvious possibilities are a neutral par-
ticle which decays into an electron-positron pair, Xo - e'e-, or a pair of

charged particles (15) which decay into a lepton pair, X
+ , e+v .nd X- 4 e-5.

In either case, one would anticipate a range of velocities for the undetected

source, as opposed to the constant source velocities discussed above. As the
following -alculations demonstrate, however, this does not preclude the appea-

rence of a narrow peak in the positron energy distribution. Under the very gen-

eral conditions that the velocity distribution of the source contain substantial
low velocity components, a well-pronounced peak can be produced.

In the following schematic calculation it is assumed that a source of monoen-
ergetic positrons with Ee4. = 340 keV is produced in the center of mass of the

Th+Cm collision system at a bombarding energy of 6.0 MeV/u. In the CM system, the
positron source is taken to have a constant distribution of velocities in veloci-
ty-phase space. The distribution of source velocities seen in the laboratory
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system is shown in Figure 12(a). The transformation of the constant velocity
distribution to the laboratory produces a Jacobian peak at 0 = Ocm= 0.055 in the
laboratory source-velocity distribution due to the effective boost of slower
velocity components up to the CM velocity. The Doppler-shifted lineshape meas-
ured in the laboratory of the isotropically emitted, monoenergetic positrons is
shown in Figure 12(b). The preponderence of laboratory velocity components at

1 = Bcm leads to a width of the positron peak which is only - 10% greater than
that due to emission directly out of the CM system. The difference in widths and
the higher energy tail would be difficult to discern in the present data with any
statistical significance.

The exact width and the shape of the high energy tail depend on the details of
the velocity distribution of the positron source. In general, though, a signif-
icant contribution of low velocity components is enough to guarantee a narrow
line similar in width and shape to that of CM emission. Moreover, high velocity
components can be further surpressed if the lifetime of the undetected source is
long enough (2 10-' s) so that only the slower moving sources remain within the
- 1 cm sensitive region of the positron detection system.

5. POSITRON-ELECTRON COINCIDENCE MEASUREMENT

These considerations suggest the possibility of a new approach to explaining
the observed positron peaks. The experimental verification of the two-body de'ay
of a source produced in suoerheavy collisions has been the focus of our most
recent efforts.

The signature of the two-body decay of a neutral particle Xo , e~e- would be,
for example, the production of monoenergetic electrons in coincidence with the
peaK positrons. To this end we have recently modified our experimental apparatus
to measure electrons in coincidence with positrons in superheavy collision sys-
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FIGURE 12
Part (a) shows the laboratory velocity distribution of a -)sitron source emitted

with a constant distribution in velocity-phase space in the CM of the Th+Cm col-
lision system at a projectile energy of 6.0 MeV/u. Part (b) shows the resulting
laboratory line shape for monoenergetic positron emission from the source with

Ee+ = 340 keV.
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tems. To measure electrons with greater efficiency, two planar Si(Li) detectors
have been mounted off-axis in the arm of the solenoid opposite the positron
detector. This detector arrangement combines high detection efficiency for the
interesting range of electron energies just above 250 keV with a very sharp
fall-off in detection efficiency below this energy to surpress the high counting
rate of low-energy delta electrons copiously produced in heavy-ion collisions. In
addition, the solenoidal magnetic field has been rearranged to provide more bal-
anced transport of positrons and electrons to the respective arms of the sole-
noid. Experiments are presently underway to look for monoenergetic electron
emission in coincidence with the peak positrons produced in superheavy collision
systems.

6. SUMMARY

The present experimental situation is as follows. Narrow, well-defined peaks
are observed in the energy distribution of positrons emitted in several super-
heavy collision systems above, and in one probable case, well below the critical
combined nuclear charge for spontaneous positron production. The peak energy of
- 340 keV is essentially independent of Zu. The peak width of - 70 keV both
implies a source living 10-20 s and is consistent in size with the Doppler broa-
dening of a source moving with a velocity similar to that of the CM of the colli-
son systems. The peak appears to be produced in a narrow range of bombarding
energies near the Coulomb barrier. Nuclear conversions in the separated nuclei
are convincingly excluded as a possible source of the peaks. Spontaneous posi-
tron production silmilarly has difficulties providing a consistent picture of the
peak production. Experiments are underway to investigate new suggestions that
the peaks might be due to the two-body decay of an undetected source produced
during heavy-ion collisions.
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PRODUCTION OF MULTIPLY CHARGED IONS FROM MOLECULAR TARGETS IN
HEAVY ION IMPACT

H. TAWARA
Institute of Plasma Physics, Nagoya University, Nagoya 464, Japan

and

T. TONUMA, S.H. BE, H. SHIBATA, M. KASE, T. KAMBARA, H. KUMAGAI and I. KOHNO
Institute of Physical and Chemical Research, Wako-shi 351 Japan

In 1.05 MeV/amu Arq+ (q=4,12) + N2 collisions, multiply charged secondary

ions, N6+ and possibly N7+ , have been observed. These multiply charged

atomic ions are believed to originate from multiply charged molecular ions
12+ 13+ 14+

such as N2  , N2  or N2  ions which in turn dissociate into two

atomic ions with fairly symmetric charge. Slight shifts of peak positions

in the charge/mass spectra toward high energy side for Ni+ ions, compared

with those for Ci+ ions from CH4 targets and Ar ions from Ar targets,

indicate that the product Ni+ ions have the relatively large initial

kinetic energies which are thought to be due to the Coulomb explosions of

multiply charged molecular ions.

Since Cocke measured the cross sections for multiply charged secondary ions
1)by heavy ion impact , a number of the investigations on production mechanism

of multiply charged recoil ions in energetic, heavy ion impact have been
2)reported . We have also reported some results on the partial ionization cross

sections of Ari+ ion production in 1.05 MeV/amu Neq+(q=2-10) and Arq+(q=4-14)

ion impact 3 ). These results strongly indicate, in addition to the direct

multiple ionization due to strong Coulomb interaction, a significant

contribution of electron capture processes to production of such multiply

charged recoil ions when the innershell vacancies of the projectile ions are
4)brought into collisions . Up to now, the rare gas atoms have exclusively been

used as targets. No systematic investigations on molecular gas targets have

been reported.

There should be some significant difference in production mechanisms of

multiply charged secondary ions among atomic targets and molecular targets in

charged particle impact such as electrons and heavy ions. In fact, though in

electron impact the cross sections for production of singly charged ions(N2 )

from nitrogen molecules are nearly the same as those of singly charged Ar+

ions, both having similar ionization potentials of the outershell electrons, it
2+is found that those of doubly charged N2 ions observed are only of the order
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of one percent of those of N2+ ions, whereas those of Ar
2+ ions are of the

order of 10 percent of those of Ar+ ions 5 ). This is easily understood from the

fact that a part of the doubly charged N22+ ions produced in collisions can not

reach a detector because they break up with finite life times during flight to

the detector6 . It is expected that the life times of such multiply charged

molecular ions should become short significantly with increasing the

multiplicity of ions and these molecular ions quickly dissociate into atomic

ions after collisions. In reality, up to now, no trace of the triply charged

ions, for example N2
3+ ions, has been found experimentally. Daly and Powell

looked for the triply charged N 3+ ions in electron impact with the sensitivity

corresponding to as low as 10"24 cm2 but found no evidence for them 7 ). There

is no information on characteristics, such as the energy levels or life times,

of multiply charged molecular ions except for those of doubly charged ions like
2+ 2+ 8)

N2  and 02

Also only a limited number of informations on multiply charged atomic ions

produced from molecular targets are available. For instance, the highest

charge state ions directly observed in charged particle impact on N2 targets

are N3+ ions. Daly and Powell claimed to determine the cross sections for

production of N3+ ions by electron impact on N2 with a maximum value of

2.5xi0 -2 3 cm2 at 240 eV. Edwards et al. observed N3+ ions in I MeV He++ N2
collisions and determined their energy distribution which showed a maximum at

25 eV and was extended up to 50 eV9 ). They did not discuss the detailed

mechanism for production of N3+ ions.

Some dissociative ionization processes resulting in production of multiply

charged atomic ions front molecular targets have been investigated by Mann et

al. 10) who observed the broadening of the Auger electron spectra emitted from

the metastable Li-like (1s2s2p)4 P N
4+ ions from N2 target in 1.40 MeV/amu Ar

12+

iun impact. This broadening in N2 targets, much significant compared with that

in NH3 targets, has been explained by the Doppler broadening due to the kinetic

energy of the emitting ions. This kinetic energy is provided by the Coulomb

interaction between the two dissociating ions and is found to be in good

agreement with the ab initio self-consistent field calculation by Hartung et

al1 ). These experiments and calculations have confirmed that two dissociating

atomic ions have the same or nearly the same ionicities, indicating that the

dissociation of multiply charged (diatomic) molecular ions results in nearly

symmetric charge distribution.

Most recently Edwards et al. reported the cross sections for production of

the fully stripped hydrogen molecular ions (H2
2 ) in . 1 MeV/amu H+ and D+ ion

impact by observing two protons in coincidence with two detectors placed 1800
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relative to each other 1 ) (5x10-19cm2 at 100 keV/amu H+ ion impact, decreasing

with increasing the impact energy). Their results indicate a fairly symmetric

production of H+ ions from H22+ ions, each ion emitted into the opposite

direction, with respect to the projectile direction.

Bearing the above discussion in mind, we have investigated the charge

distribution of ions produced in 1.05 MeV/amu Ar
q+ (q=4, 12) ion impact on

molecular targets. The experimental apparatus used has already been described

in detail 3 ). Typical examples of the charge spectra of ions from N2 molecular

targets are shown in Fig.1(a). In these spectra are seen a number of peaks

corresponding to multiply charged nitrogen atomic ions including a weak peak of

N6 + ions in addition to a dominant peak of the singly charged molecular N2+

ions. The doubly charged molecular N22+ ion peak is overlapped on the singly

charged atomic N+ ion peak. From these spectra it is clearly seen that, with

increasing the projectile charge q, the relative production of multiply charged

atomic ions is strongly enhanced, as observed in atomic gas target

experiments1 ,3)

qo 4] I 05 M.vton, A' N,
,o'0 j Fig. 1

(a)Charge spectra of nitrogen ionsI* I K
, N

'  produced in 1.05 MeV/amu Ar +(q=4.12)

0 ion impact on N2 targets. An arrow
I '" indicates a position corresponding to

N
4 

3+ d ions with /=.3
i,, , ,' ".,i N 3+

(b)Expanded charge spectrum of nitrogenSI M/e=9.33.2+ions produced in 1.05 MeV/amu Ar ion

10" impact on 
14 N2 + 15N mixed targets.
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As mentioned already, in the present charge spectra is found no trace at
corresponding to N2 3+ ions (shown by an arrow in Fig. 1(a)), anM/e=g.33corsodntoN ios(hwbyaaroinFg1(),n

indication that N2
3+ ions could not reach the detector. More detailed

charge/mass spectrum taken with a mixture of 15N2 and 
14N2 gases is shown in

Fig. 1(b). Clearly peaks corresponding to N6+ ions can be seen. Though less

clear due to background of H2
+, a peak originated probably from the fully

ionized atomic 15N7+ ions is seen.
As will be discussed later on, the atomic ions produced from molecular

targets might have relatively large kinetic energies due to the Coulomb

explosion. Therefore, no complete collection of atomic ions by the
present extraction system with low fields could be expected. Hence, no

absolute cross sections for production of multiply charged atomic ions have

been determined in the present work. It is found, however, that the

production of multiply charged atomic ions, relative to N2
+ ions, in heavy ion

impact is enhanced, compared with that in electron impact observed by Daly and

Powell 7 . By extrapolation of our previous measurement of total ionization

cross sections combined with the present spectra, production cross section for

N64 ions in 1.05 MeV/amu Ar1 2+ ion impact is estimated to be of the order of

1018 cm2 .
Mechanisms responsible for production of multiply charged secondary atomic

ions from molecular targets are expected to be different from those in single

atom targets. The question in molecular targets is whether these multiply
charged atom ions are produced in ionization processes followed by the

dissociation or they are produced in dissrziation processes followed by the

ionization. In this respect, the collision time and dissociation time seem to
be the important factors. The collision time in the present system (projectile

velocity = 1.4 x 109cm/s, molecular bond length = 1.0 A) is estimated to be of

the order of I0"17s, whereas the dissociation time of molecular ions which

should be strongly dependent upon their ionicity, is 10-14 , 10"15 s though no

direct measurements of the dissociation time of ritrogen molecular ions have

been reported yet. These numbers indicate that the dissociation processes are

slow, compared with the ionization processess. Therefore, the dissociation
into atoms followed by the ionization is unlikely to be dominant in production

of multiply charged atomic ions. Instead, these multiply charged atomic ions

are believed to be proddced through production of multiply charged molecular

ions followed by the dissociation into two or more multiply charged atomic

ions. As discussed above, with increasing the ionicity of ions, such multiply

charged molecular ions are quickly dissociated into multiply charged atomic
ions. As already confirmed by Mann et al.' 0 ), these multiply charged molecular
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ions are thought to be less likely to dissociate into ions with very asymmetric

charge and, then, it is unlikely that a low charged molecular ion dissociates

into a multiply charged atomic ion, the other ion being at lower charge state

(see the following discussion).

From the above discussion, the multiply charged atomic ions, for example N
6+

ions observed in Fig. 1, are probably produced via one of the following

dissociations of multiply charged molecular ions:

N211+ N5+ + N6+

S12+ N6+ +N6+

N 13+ N6+ + N
7+

or via the dissociation into multiply charged ions in highly excited state

followed by the electron emission (i.e., autoionization):

10+ 5+* 5+ 6+ 5+N 2  . (N + +N + N + e+ N

One of other possible processes which should be taken into consideration is

based upon the fact that, at high energy collisions, the (diatomic) molecules

can often be assumed to consist of (two) independent atoms. Under this

assumption, the projectiles collide with one of them, which is ionized to, for
7+example N , the other(s) being a spectator which has no interaction with the

projectiles. If so, the product N7+ ions should have only small recoil

energy. This is in contrast to the observation by Edwards et al. 9 ) and Mann

et all 0 ). Both groups reported that the product atomic ions from molecular

targets have usually large kinetic energies which increase with increasing the

product ion charge. Also, as the relaxation time (rearrangement time: lO'17S)

of electrons in the collision product, for example (N-N7+), is much shorter

than the dissociation time, this collision product becomes rearranged to N27+

before the dissociation into neutral N atom and N7 + ions. Instead, the product

N27+ would probably result in dissociation into N 3++N 4+ ions, a similar process

to that observed by Mann et allO ) . Therefore, this process is less likely to

produce the atomic ions with higher charge.

Of course these proposed processes are a few examples for possible

production mechanisms of such ions. If these multiply charged atomic ions are

assumed to be produced through the dissociation (Coulomb explosion) of multiply

charged molecular ions, the product atomic ions should have some kinetic

energies due to the Coulomb force between the dissociated atomic ions. Based

upon a simple Coulomb force between two equally charged ions at a bond length,
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their kinetic energies after the Coulcmb explosion can be calculated. If the

bond length before explosion is assumed to be 1.0 A, each N6+ ion, for example,

produced from N2 target through the above processes could have the kinetic

energy of ' 230 eV. In fact, in our preliminary measurements, the atomic

nitrogen ions have been observed even with relatively large retarding field

applied in the collision region, whereas no molecular ions such as N2 + could

reach the detector with very weak retarding field, because their recoil energy

is small1)

Similar charge spectra for 1.05 MeV/amu Ar12 + + CH4 collisions are shown in

Fig. 2. Carbon ions up to C5+ as well as hydro-carbon ions and hydrogen ions

are clearly observed.

I0' ICP 1.05 MeV/omu Ar 1++ CH4

101 Me/aucolsin

i;

100

CHANNEL NUMBER

Fig. 2

Charge spectra of ions produced in 1.05 MeV/amu Ar12+ + CH4 collisions

Through careful comparison of the charge/mass spectra, slight shifts toward

high energy side in the peak position for 15N5+ ions, compared with that for

C4 + ions (both having M/e = 3.00), and for 15N3+ ions, compared with that for

Ar8 + ions (M/e = 5.00), are observed, whereas no apparent shift could be seen

between C3+ and Ar10+ ions (M/e = 4.00). This fact indicates that the product

Ni+ ions should have the relatively large initial kinetic energies, compared

with those for monatomic Ari+ ions and for product Ci+ ions. The Ci+ ions

origindted from (CH4 )P+ ions should have small kinetic energies because C
i+

ions sit at a fairly symmetric center and, then, most of the kinetic energies

due to the Coulomb explosion are partitioned to Hi+ ions.

To clarify the mechanisms for production of highly charged secondary atomic
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ions from molecular targets mentioned above, measurements of the kinetic

energies of these atomic ions and of the angular correlation of the

dissociating atomic ions are planned in our laboratory. Information such as

the energy levels and their life times of multiply charged molecular ions such
asN13+ orN14 oswudb

as N2 1 or N2  ions would be useful toward further understanding production

mechanism of multiply charged atomic ions from molecular targets in ion impact.

The authors would like to thank Dr. T. Watanabe and Dr. Y. Awaya for their

encouragement and support to the present work.
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in an ion-atom collision projectile excitcr. and charge transfer
(elect-ron capture nray occur tcxelher In a single encounter. If the
exciltslcr and cepture are correlated then: the prcess is callied resonant
transfer and ecictation (RTE); If they are uncorrelated then the process is
lte rcr!;cscnar' -rurufer and excitation INTE). Experimental work tc
date has shown the existence of RTE and provided strorng ev'dence for NTE.
Results presented here provide information on the relative magnitUdes of
PTE and NTE, the charge state depenidence of RTE, the effect oft the target
riof,flrtui5 distribution on RTE, the magnitude of L-sheii RTE compared to K-
shill PTE, and the target Z dependorices of PTE and NTE.

1. ! NTPODUCT I ON

I r s 7ijI( c.Iiisions between ions and atoms vacanicie!: ray La ( cc~cd by once
uf thrce mechanisms: excitation, ionization, and charge irzrsfer. Racer-'
axfrri~l studies (1,2,3) have shown that two of these processes, excitatic.1.
ond charge trersfer, ecn occur together in a s.ingle encounter with a larget
color res-Ulting ;n thec formation of an Intermediate excited stale. This capture
and excitrfton can be either a correlated or an uncorrelated process.

If the combine(Ii- rTcEs is. correlated then theo mcchanlsm involvcd Is an
olcctrcr-cleciron Interaction btien a projectile electron and a (weekly
bcc rdl target electron similar to the inverse of an Auger transitionr. Resonant
formrticn of Intermediate states occurs for !ncident Ion energies such that the
target electron enrry, in the rest frame of the Ion, equals one of !he Auger
cectron energies. ThiL process of correlotrdf electron capture and projectile
(cr ,ticn followed by photon emission is called resonant-transfer-cnd-
excitation (RTE). RTE is analogous to dicleotrcnic: recomrbination (OR) (4,
cxcepi thal for DR the captured electron Tf, Initial ly free Instead of bc-und.

If the electron capture and prcjectilo excliefati are uncorrolated Ifhen the
nechanisnis Involved are electron-niucleus. interactions between the projectile
nucleu, arid a target elecircri iesultircj In electron capture, and between the
target nucleus and a projectile electron resulting In excitatioo. Such a
conbinaftr (if excitation and cepture events i! a two-step process which. Ouicu
P0t depend resonantly on the incident picjectlile, velocity and hence has becrn
given the name non-resonant-transfer-and-exc itat Ion (NTE).
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A forma( theoretical treatment of simultaneous charge transfer and
excitation In single collisions has recently been developed by Feagin, Briggs,

and Reeves (5). In this work separate amplitudes for the correlated and
uncorrelated contributions to the capture plus excitation process are
formulated. The calculations Indicate that NTE and RTE can occur with
comparable probabilities. Furthermore, It is predicted that the NTE
probability exhibits a maximum in its energy dependence, but at a lower
projectile energy than the RiTE maximum. Qualitatively, this NTE maximum may be
viewed as the result of the product of an Increasing excitation cross section
and a decreasing single electron capture cross section.

Our recent experimental work with highly stripped sulfur, calcium, and
vanadium Ions colliding with helium (1,2,3) has shown the existence of RTE and
provided evidence for NTE. The RTE results are In good agreement with
calculations (6) using the method of Brandt (7) based on theoretical
dielectronic recombination cross sections (8). In addition, RTE and NTE have
been investigated by other groups for hydrogenlike fluorine Ions (9) incident
on helium, neon, and argon targets and lithiumlike silicon Ions (10) colliding
with these same targets.

New results presented here are for (1) 20Ca
12
,
16
,
17'18'19

+ 4 H2 collisions,

(2) 57La
40 + + H collisions, and (3) 16

$ 13 + + Ne collisions. These results
provide infornaiion on the charge state dependence of RTE and the effect of the
target momentum distribution on RTE, the magnitude of L-shel I RTE compared to
K-shef I RTE, and the target Z dependence of RTE.

2. EXPERIMENTAL PROCEDURE

The experimental measurements were carried out at Lawrence Berkeley
Laboratory using the SuperHILAC and at Brookhaven National Laboratory using the
coupled MP tandem Van de Graaffs. The experimental technique consists of
measuring x rays associated with electron capture events. Prcjecti(es in a
given charge state pass through a differentially pumped gas cell. After
emerging from the cell, the beam is magnetically or electrostatically analyzed
Into its charge state components. Ions which undergo capture in the target gas
are detected in a solid state particle detector while the x rays are detected
with a Si(Li) detector mounted at 900 to the beam. Coincidences between
projectile ions and x rays are measured with a tlme-to-amplitude converter.
The non-charge-changed-component of the emerging beam is collected in a Faraday
cup. Coincidence yields were measured as a function of gas pressure to check
for linearity thereby ensuring that single collision conditions prevailed.

3. RESULTS AND DISCUSSION

A sample of previous experimen t .l studies (1,2,3), taken from Ref. 3, Is
shown in Fig. I for 15-200 May 0 In+ + He collisions. This figure shows the
cross section for total projectl dte K x-ray emission, K , and the cross
section for projectyie x rays coincident with single el ectron capture,
It Is seen that a - exhibits a maximum near 130 MeV due to RTE and a maximum
near 30 MeV attributed to NTE. The dashed curve Is the calculated (7) RTE
cross section (multiplied by 0,85) and the solid curve Is a calculated NTE
cross section obtained froir the product of the K-shell excitation cross section
and the probability for capture to the L-shel I (11). This product has been
normalized to the data near 30 MeV.

Fig. Ib sh ws the calcu~atfons of Reeves and Feagin (12), for the Is22s-->
1s2s

2
2p and ls?2s--> Is2s2p transitions only, which Include both the

uncorrelated (NTE) and correlated (RTE) contributions to charge transfer and
excitation. These calculations, In which the lower energy maximum arises from
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(a) Proj~tlle K x-ray cross sections Cross sections for projectile K x rays
for 16-

3  + He collisions; oK 8ls coincident with single electron
the cross section for the total cpue ~ q*~Hwt

is the cross section for sulfur Kx q=12,16,17,18, and 19. The solid
rays coincident with single electron curves are drawn to guide the eye.
capture. The dashed curve is the
calculated (Ref. 7) RTE cross section

multiplied by 0.85. The solid curve
is the calculated (Ref. 1t) NTE cross

section normalized to the data. (b)
Theoretical cross section (Ref. 12)

for charge transfer eccompanying K-
sheil excitation in single collisionsof S1. + He.
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the uncorrelated amplitude (NTE) and the higher energy maximum arises from the
correlated amplitude (RTE), provide substantial qualitative agreement with the

measured energy dependence of . The narrower RTE width In Fig. lb

compared to the corresponding OP1 width In Fig. la Is die to the fact that

only the two transitions mentioned above have been included the calculations.

In more recent work at LBL, RTE was investigated fr; 100-370 MeV

20
12 16 17

,
18
,
1
9
+ 

+ H2 collisions. The results, shown in Fig. 2, are

consistent with previous measurements (2) for 20Caq
+ 

and 23
Vq

+ He In which

two maxima were also observed In the energy dependence of c, These maxima

correspond to groups cf intermediate rescnance states. in the RTE process for
which both the excited and the captured electrons occupy energy levels with
quartum numbeF n=?,2 and n = 2, 3 (see FIg. lb of Ref. 2). The present
results for CaR

+ 
are the first observation of PTE for a hydrogenlike ion. The

large rise in ao, as the beam energy is dec-eased below 200 MeV Is due to

electron capture, without accompanying excitation, to an excited state (n>2)

followed by deexcitation via photon emission. For Ca
12+ 

the transitions giving
rise to the first maximum, I.e. those involving quantum numbers n=2,2,
apparently occur with a small probabIIity compared to the transitions with
n=2,23 and so only the second maximum Is observed. CalculatipDs (13) which
have just become available Indicate that these results for Cai

2 4 
are consisteni

with theory.
The measurements for CaI '17,181 4 1!, provide a direct comparison with

earlier results (2) for these same Ions tncident on He. Due to the smailer
electron momentum distribution for H2 compared to He, it is expected that the
widths of the RTE maxima will be less or H The results indicate that this
Is the case as shown ir Fig. 3 for Ca

1
'

+
. it is noted that the discrepancy

between theory and experiment for energies _>260 MeV Is simI lar for H2 and He
targets. This same discrepancy has been observed In RTE measurements for

16 S
13

4 + He collisions (3). The origin of the discrepancy I not understood at

present.
We have also conducted a preliminary Investigation of PTE involving

excitation of the projectile L-shell for 455-710 MeV 57La
4 C

4 Ions colliding
with H as shown 'n Fig. 4. Although there are no theoretical calculations at
present with which to compare these results, the position of the observed

maximum In aq-1 Is consistent with the calculated energies of three of the

most probable Aucer transitions as shown. Evidence for L-shell RTE has alsr,
been obtained in the observation of anomalous variations in the L x-ray
production cross sections as a function of charge state for Smq, + Xe
collisions (14). In a future study we plan to examine the L-shell RTE
resonance region more closely to look for structure (as observed for the K-

shell) in aq-o and to determine the relative participation of the L subshellsLs o
(i.e. LI, L2, or L3 ) In the RTE process.

The target 7 dependence of RTE has not been established. The only published
result In which the measurements span the resonance region for a target other
than H2 or He Is that for S I Ar reported In Ref. 1. In our most recent BNL
work we have r sured projectile K x rays coincident with single capture for
40-160 MeV I S4

+ l, Ne collisions as shown in Fig. 5. Since the RTE maximum
occurs near-& MeV for sulfur Ions, It Is seen that there Is no measureable
evidence for RTE In these data while there may be a considerable contribution
due to NTE as evidenced by the apparent peak nepr 60 MeV. These results are
similar to results previously obtained for Ar

1 + 
+ Ne collisions (15). At

present we have no explanation for these results with ..eon targets.
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4. CONCLUSIONS

New measurements of projectile x-ray emission coincident with single

electron capture have provided significant new information on (a) the charge

state dependence of RTE, (b) the effect of the target momentum distribution on
RTE, (c) the magnitude and width of L-she II RTE compared to K-shell RTE, and

(d) the target Z dependence of RTE and NTE (neon target compared to H2 and He).
Preliminary results indicate that the charge state dependence of RTE and the
effect of the target momentum distribution on RTE are consistent with theory.

For L-shel I RTE, no calculations yet exist to compare with the measurements.
The neon target results are anomalous in that the expected RTE maximum Is not
observed; no NTE calculations for neon are currently available.
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THEORETICAL TREATMENT OF ELECTRON CAPTURE AND EXCITATION IN TWO-ELECTRON
SYSTEM ION-ATOM, ATOM-ATOM COLLISIONS AT LOW TO INTERMEDIATE ENERGY

M. KIMURA

Joint Institute for Laboratory Astrophysics, University of Colorado and
National Bureau of Standards, Boulder, Colorado 80309 USA

A review of various theoretical treatments which have been used to study
electron-capture and excitation processes in two-electron-system ion-atom,
atom-atom collisions at low to intermediate energy is presented. Advan-
tages as well as limitations associated with these theoretical models in
application to practical many-electron ion-atom, atom-atom collisions are
specificially pointed out. Although a rigorous theoretical study of many-
electron systems has just begun so that reports of theoretical calculations
are scarce to date in comparison to flourishing experimental activities,
some theoretical results are of great interest and provide important infor-
mation for understanding collision dynamics of the system which contains
many electrons. Selected examples are given for electron capture in a mul-
tiply charged ion-He collision, ion-pair f~rmation in an atom-atom colli-
sion and alignment and orientation in a Li # He collision.

1. INTRODUCTION

Much theoretical progress toward understanding the dynamics of inelastic
processes in ion-atom or atom-atom collisions in various energy regimes has
been achieved in the last decade. This can be clearly realized by noting the
sequential series of invited progress talks in the past several ICPEAC meet-
ings (1-3). Although the electron capture process, for instance, has been
considered to be qualitatively well understood, precise theoretical prediction
of the electron capture cross section is still an extremely difficult task for
theorists. Moreover, due in part to recent technological advances, new de-
tails from already known findings, as well as new phenomena in ion-atom col-
lisions, have been observed experimentally. Accurate theoretical models which
can be compared with experimental findings have only recently become possible
in conjunction with the development of fast computers. Some of these new ex-
perimental findings, however, are as yet unexplained, even qualitatively, and
they provide new challenges for theorists.

The theoretical investigation of electron-capture in one-electron and
pseudo one-electron systems in the keV energy region has been one of the most
prominent subjects in atomic physics since late 1970. Among models used, the
finite basis function expansion method is considered to be the main stream
for this study. The molecular orbital (MO) (4-8), the atomic orbital (AO)
(including pseudo states) (9-11), the Sturmian (12), the Hylleraas (13) and
combinations (14,15) of these functions are among those most commonly em-
ployed. However, other approaches including direct numerical integration of
a time-dependent Schrodinger equation (TDSF) (16) might not only open up the
possibility of a new subfield in collision theory, but also provide different
perspectives on this field.

Excellent agreement between different approaches in various one-electron
systems is so frequently seen in the literature it may be regarded as routine
and without surprise now (10). The long-standing problem of the electron



432 M. Kimura

translation factor (ETF) in the MO expansion method is now well recognized
both formally and practically. Although the question of what form of the ETF
should be used is still open, it has become standard technique to include the
ETF effect somehow in the MO close-coupling calculation. Hence, the ETF-
corrected MO method satisfies Galilean invariance and therefore, observable
physical quantities can be extracted uniquely from calculations. Fairly accu-
rate molecular wave functions and their eigenvalues for collision systems are
now easily accessible with support from molecular structure studies by quantum
chemists. These MO studies clearly confirm the concept of close and distant
collisions in ion-atom collisions. This has led not only to a revival of the
AU expansion method (3), but also to a more agressive role for the AO expan-
sion method itself in ion-atom collision theory. It is widely believed that
to account properly for the electron distribution when a projectile and target
approach within the molecular regime, inclusion of a third-center orbital in
addition to the cc .ntional two-center expansion is indispensable to repre-
sent the collision ;ynamics correctly (particularly in close collisions).
This "three-center" AO expansion method is now considered to be an alternative
to the MO expansion method.

Although certain aspects observed in various types of ion-atom collisions
are common to all, apparently there are fundamental differences between one-
(or pseudo one)-electron systems and two- (or pseudo two) or many-electron
systems, which can be traced back to electron correlation effects in many-
electron systems. Because of the presence of this additional electron, theo-
retical models, though formally the same, should be modified to interpret
these effects ;n applications to many-electron systems, and this requires
enormous effort for theorists. Stimulated by extremely active and precise
measurements in a multiply-charged ion-He collision and an alignment and ori-
entation study of the electron cloud in pseudo-two-electron ion-atom colli-
sions, theorists have applied various models to interpret observed phenomena.
Unfortunately, however, rigorous theoretical attempts for many-electron sys-
tems are still few, and agreement among existing theories, and between theory
and experiment, is far from satisfactory either qualitatively or quantita-
tively. This is in contrast to the impressive harmony among theories and
measurements on one-electron systems. More effort is required for theorists
to develop more concrete models for understanding the collision dynamics in
many-electron systems. Keeping the current status in mind, it is worthwhile
to take a critical look at various theoretical approaches.

In the following, theories that have been used to investigate ion-atom
collisions in the 0.1 to 25 keV/amu energy region are briefly reviewed with
special emphasis on their applicability. Some representative results are
given for two-electron systems. Atomic units are used throughout.

2. THEORETICAL TREATMENT

Unfortunately, in the 0.1-25 keV/amu energy range in which we are inter-
ested, cross sections for the various inelastic channels including electron-
capture, excitation and ionization in ion-atom collisions are usually known
to have the same order of magnitude because they couple to each other rather
strongly (see Fig. 1). This suggests that the electrons are strongly per-
turbed in the collision and nonperturbative methods, such as close coupling,
are certainly preferable for the study of ion-atom collisions. In Fig. 2
several approaches commonly used for low to intermediate energy collisions
are listed.

The basis function expansion method is commonly used in the form of coupled
equations and is always truncated after a limited number of bound states have
been included. Also without exception, explicit inclusion of continuum states
is always avoided in the expansion, although some attempts have been made to
build in the "flavor" of the ionization channel into the expansion through the
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pseudostate approach. Sometimes, however, the physical meaning of the pseudo-
states is not clear at all, and hence, care is needed to apply it.

In the following, the basis function expansion method is mainly reviewed,
and some comments on other methods are made.

3. BASIS FUNCTION EXPANSION METHOD

In the 0.1 to 25 keV/amu energy range, the energy transfer is usually much
smaller than the collision energy so that the semiclassical formulation of
inelastic processes in ion-atom collisions is considered to be quite accurate
and convenient to solve. In this approximation, the electron moves in the
time-dependent field created by the motion of the projectile relative to the
target. This heavy particle motion is treated semiclassically, while the
electron motion is solved quantum mechanically. Defining the collective elec-
tron coordinates as r = (r1 .. .rn measured from the origin of some inertial
frame, the wave function for the electronic system is the solution of the
time-dependent Schridinger equation

N 1 2 Zp ZT N 1
He0(rt) " - r ) + (,t) i (rt)e= i i i i>j Iri-rjl

(1)
where the first term in the bracket on the LHS is the kinetic energy of the
electron, Zp is the charge of the projectile, ZT is the charge of the target,
rpi, rTi, ri are the distances of the electron measured from the projectile,
target, and chosen origin, respectively, and the last term in the bracket de-
notes the electron-electron interaction.

If the wave function 0( ,t) is expanded in terms of some basis functionsUi i*,t)

a(,t 
=  

a(t) U i(r~t) (2)

then, following standard procedures, Eq. (1) be reduced to a set of linear
coupled equations,

iSA = MA (3)

where the column matrix A is formed from the time-dependent expansion coeffi-
cients ai, S is the overTap matrix with elements S .- <UiJU.>, and M is the
coupling matrix with elements Mi. = <UiIHe-i -FrUi . Equation (3) is usually
solved numerically subject to apropriate condi tohs, i.e., ak(-o)= i"

The probability for finding the electronic system in the jth state after
the collision can be written as a function of the collision energy and impact
parameter b,

Pj(E,b) = la.(+) 12 (4)

The cross section for the jth electronic state is obtained by integration over
the impact parameter, b

o(E) = 2n f db b Pj(E,b) (5)

Up to this point, we have discussed the semiclassical collision theory without
specifying the basis set, (U(,t)}. An adequate choice of the basis set is
extremely important to describe the collision system properly. As for deter-
mining the criteria for the choice of the basis set, collision parameters such
as the charge ratio Zp/Zr or the ratio of relative velocity to the velocity of
the orbital electron, V/Ve, are often employed as indicators. The magnitudes
of these parameters suggest whether the molecular orbital or atomic orbital
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representation should be used. However, as we shall discuss later, recent
progress on the basis function expansion method relaxes the intrinsic limita-
tion imposed on individual basis set and broadens the region of validity of
each approach in terms of the collision energies being overlapped. This was
not apparently true in basis function expansion studies a decade ago. This
remarkable new feature in basis function expansion methods is evidence of re-
cent progress.

3.1. Molecular orbital (MO) basis
Customarily, the MO expansion method is considered to be appropriate when

the parameter V/Ve < 1, where the colliding partners are thought to form a
quasi-molecule during the collision. Then, the basis set (Ui(,t)} is con-
structed from the adiabatic molecular (the Born-Oppenheimer) wave function
OMU( ,R) defined by

H Mi (r,K) 
= 
Ei  (6

et i i

Expansion of the scattering wave function using the molecular orbitals yields

p(r,t) = ar;R) Fi(r,R) (7)
4i

where ri represents the molecular electron translation factor (ETF) which has
the form

Fi(r,R) = exp[i {(1/2)fi( rR)I' -(/8) rt v2dt}J] (8)
k 1 k'

In Eq. (B), 1 is the relative velocity of the heavy particles and fi is, in
general, a state-dependent switching function employed to represent a local
propagation velocity, fil, of the electron in the quasimolecule formed during
the collision. Various forms of the switching function have been proposed
(17), but each form has disadvantages as well as advantages; arguments for
the proper choice of the switching function have not been settled yet. It is
clear, however, that neglect of the ETF in the scattering wave function [Eq.
(7)j. This method, which has been termed the perturbed-stationary-state (PSS)
methni, results in a wave function that does not satisfy Galilean invariance
and hence, introduces several fatal problems into the coupling.

In the MU representation, the electronic Hamiltonian is diagonalized as
in Eq. (6), hence the perturbation which causes the transition in the system
arises from the nuclear motion of the heavy particles, i.e. nonadiabatic
coupling. For slow collisions, a reasonable approximation is obtained by
expanding the ETF in powers of I and retaining the first few order terms of
V. This approximation simplifies the form of the ETF corrected nonadiabatic
coupling significantly.

This ETF corrected MO expansion method has been applied successfully to
the investigation of excitation and electron capture processes in one-electron
ion-atom, atom-atom collisions (5-7,18-20). In particular, it appears that
extensive studies on the multiply charged ion and H-atom collisions explicitly
disclose most of the fundamental dynamics in these systems. However, few ap-
plications of the ETF corrected MO method to many-electron systems have been
reported (21-24). Two main problems arise from many-electron systems:

1. It is quite difficult to obtain accurate wave functions and eigenvalues
for many-electron systems.

2. The molecular ETF for these systems has not been sufficiently well

investigated so that we do not have enough practical experience with
them.

For problem 1, only recently, several methods including the ab initio and
seienpirical, nave become available to solve the nonrelativistic st Tnary
electronic Schrdinger equation for molecular systems, owing to impressive
recent progress in theoretical quantum chemistry. Among those, probably the
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pseudopotential or model potential method is on, of the most popular for ob-
taining the molecular wave function as well as its eigenvalue. This approach
skillfully adopts the concept of difference between valence-electron and core-
electron orbitals which leads to significant simplicity in the construction of
molecular wave functions. By replacing all interactions which involve core
electrons by pseudopotentials or model potentials and including explicitly
only valence electrons in the electronic Hamiltonian, many-electron problems
can be reduced to the simpler one- or two-electron problem. Commonly, the
molecular wave function is constructed in the same manner as in the valence-
bond (VB) method. Although this approach to obtaining approximate electronic
states apparently fails when the core electron actively takes a role in the
collision dynamics, its simplicity and high accuracy in a practical applica-
tion provide a good remedy for some of the weaknesses of this method.

The one-electron in diatomic molecule (OEDM) method belongs to a category
of MO method (25). The OEDM method employs the molecular orbital from the
one-electron two-nuclei system (26) as a basis function to construct the
molecular wave function. Wave functions and eigenvalues of a one-electron
two-nuclei system can be obtained exactly by solving the nonrelativistic elec-
tronic Hamiltonian with the utilization of prolate spheroidal coordinates.
Thus evidently, this method involves a more lengthy calculation when it is
extended to the many-electron system as in the case of the usual ab initio ap-
proach to molecular structure calculations. Some results from using the OEDM
method with the He atom have been reported recently. However, the study in
Ref. 2b neglects the ETF completely, and its result does not satisfy Galilean
invariance.

Another basis which has also been used in the MO category is the Hylleraas
function (13). This function has been employed in large scale close coupling
calculations for the study of one-electron ion-atom collisions, but no report
has been published for many-electron systems yet.

Althougn several different approaches to determining the molecular-ETF have
been proposed for problem 2, few results of practical tests of these forms
within the MO approach have been reported for the study of many-electron ion-
atom collision to date. Therefore, assessments of usefulness or effectiveness
of each proposed molecular-ETF are still premature and extensive work on this
subject is really needed. Instead, we would like to point out that some pio-
neering work on these systems is now under way in several groups (27,28). Due
to inclusion of the ETF, i.e. the velocity-dependent term, it has been veri-
fied that the ETF corrected MO method is legitimate for use up to a fairly
high energy region, say -50 keV/amu, depending on the character of the system.
This new feature has not been seen in the PSS theory in which the energy range
of validity of the theory is quite limited, although the PSS theory is known
now, in principle, to be wrong.

3.2 Atomic orbital (AO) basis
Contrary to the MO expansion method, the AD expansion method is considered

an appropriate representation when V/Ve Z 1. Since the collision velocity is
so fast compared to the orbital velocity of the bound electron, the colliding
partners retain atomic character (i.e. diabatic) throughout the collision
event. In this representation, the basis Ui( ,t) in Eq. (2) is well described
by traveling atomic orbital and the scattering wave function is expanded in
terms of these traveling atomic orbitals with

(r,t) =  
i i (A r c i exp(i c i. ri_(1/8 ) ft v c(tV)dt') (9)

The last term of Eq. (9) represents the atomic ETF (29) (or plane-wave ETF)
where the electronic coordinate r is measured from nucleus C(C=P or T), which
can be determined uniquely and wihout ambiguity, in contrast to the MO case.
The *A

0
satisifies the atomic Hamiltonian, HC = [-(1/2) V2c + (Zc/rc) ]
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HC ,AO(r) O A0i (0 A c) (10)

where E is the atomic eigenvalue.he eAi does not diagonalize the full electronic Hamiltonian, and the in-

teraction term is a purely potential interaction. In addition, a rotational
coupling similar to the MO case plays a role in the rotating coordinate system.

The original formulation of the AO expansion is due to Bates (30) using a
two-center expansion method in the late 50's. Since then, various expansion
techniques, namely one-center and three-center in addition to the two-center
expansion, have been developed and applied to study the collision dynamics,
mostly for the one-electron system. Despite the fact that in some cases, the
two-center AU expansion approximation explains the experimental findings re-
markably well both qualitatively and quantitatively, it unfortunately fails
miserably in others. The reason is that for some collision systems, the domi-
nant contribution to, for instance, electron capture probability occurs at
large impact parameter, larger than the radius of the electron orbital, i.e.
distant collisions, while for others, it comes from small impact parameters,
smaller than the radius of the electron orbital, i.e. close collisions. For a
distant collision, distortion of the initial and final electronic states is
well described by the two-center AO. Actually, this is the philosophy under-
lying the linear combination of the atomic-orbital-molecular-orbital (LCAO-MO)
method to express approximate molecular wave functions frequently used in
quantum chemistry. However, this is not the case for a close collision. A
conventional two-center AO can not represent the electron distribution cor-
rectly when the particle approaches within the molecular region. To remedy
these deficiencies in the AU expansion method, various ideas have been intro-
duced and have converged mainly to a pseudostate approximation, in which the
pseudostate that has the largest overlap with the united atom orbital is in-
cluded in the expansion. However, trials of the pseudostate approximation
have not been entirely successful in terms of convergence of the calculated
cross section with respect to the size of the basis set used and comparison
with experiment.

Along this line, but of course with a different philosophy, another
pseudostate approximation has been proposed (the so-called AO+) (31), which
is augmented by some of the system's united atom orbitals in addition to the
conventional two-center AO's and applied to various one-electron systems with
much success. The pseudopotential technique is also commonly used to reduce

to a quasi-one-el-tron system. In fact, the only difference
between Lne ETt corrected MU metnoo and the AO+ method is in the manner of
representing the ETF's attached to each expansion. In this view, excellent
agreement seen in the ETF-corrected MO result and the AO+ result for various
one-electron systems is not entirely surprising, but rather expected. In this
connection, the three-center AU expansion method (11,32) can be regarded as a
general extension of the AO+ method. The third center atomic state, which is
normally placed on the center of nuclear charge of the system, is augmented to
the conventional two-center AU expansion. The third center atomic state is
taken to be a bound atomic state of a fictitious atom having nuclear charge
which is the sum of the charges of the projectile and target's nucleus. The
atomic-ETF is normally attached to the third center atomic state. Although a
single application of the three-center AU expansion method to study the sym-
metric proton and hydrogen system revealed an interesting feature of this ap-
proximation as well as good agreement with the MO and AO+ results, this method
is extremely time-consuming even for the simplest system, such as the proton-
hydrogen collision system. At any rate, this new pseudostates method, like
the AO+ and three-center AU expansion methods has proved that its validity is
far wider in collision energy range than was usually thought for the AO ex-
pansion method, which completely overlaps with that of the ETF-corrected MO
method in the lower energy region as we can speculate from the discussion
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above. Thus, this pseudostate method is considered to have established its
position as a subfield of collision theory.

Attempts to extend the successful pseudostate method beyond one-electron
systems, have immediately run into practical difficulties. As the number of
electrons increases from one to two in a collision system, the number of con-
figurations needed to describe the electronic states included also increases
dramatically. Moreover, the third-center state (united-atom orbital in the
AO+ or the "third-center" orbital in the three-center expansion) has to be
included to represent the electron relaxation correctly. This inclusion of
the additional state at the third-center makes the numerical calculation
almost impossible at present. However, there has been one attempt using the
AU+-type pseudostate method, which includes a small number of united atom
orbitals in the expansion, for the multiply charged ion-He collisions (33).

3.3 Others
As a completely new theoretical probe, the time-dependent Hartree-Fock

(TUHF) (34,35) procedure has been developed to study collision processes which
involve many-electron systems. The TOHF is the natural successor to the di-
rect numerical solution of the time-dependent Schrdinger equation, which has
been used to investigate one-electron systems (36,37). Although the TDHF ap-
proach for many-electron systems has several advantages over the basis func-
tion expansion method, e.g., no MO-ETF problem and automatic inclusion of the
continuum state, this method is based on the independent electron model and
hence there is clear evidence of the break down of the TDHF method (36).

4. THEORETICAL RESULTS AND DISCUSSION

Some recently obtained representative results for two-electron systems will
be presented. Our aim is not to review all theoretical and experimental find-
ings of this flourishing field, but rather to limit the discussion to selected
characteristic cases of two-electron ion-atom collision-like one-electron cap-
ture in multiply charged ion-He collisions, ion-pair formation in atom-atom
collisions, and alignment and orientation in ion-atom collisions.

4.1. Electron capture in multiply charged ion-He collisions
With the rapid development of ion sources for slow ions, new important

physical insights into inelastic processes in multiply charged ion-He colli-
sions have been revealed recently (38,39). Stimulated by the excitement on
the experimental side, theorists have also reported attempts at understanding
the collision dynamics in a single electron capture process. In a highly
asymmetric system one-electron capture usually proceeds mainly into the spe-
cific one or two high n-levels of the projectile ion preferentially. The ob-
served shape of the total cross section is almost independent of collision
energy except for the projectile is in a low charge state, since many sub-t
levels contribute to the determination of the total cross section. Hence,
unless all these i-levels are considered in the theory, precise calculations
are not possible in multiply charged ion-atom collisions.

08+ + He. There have been fairly extensive experimental as well as
theoretical studies on electron capture in the 0 8+ + He collisions. However,
unfortunately, the marked disagreement among various experiments and also
theories remains unresolved. All experimental and theoretical data are
plotted in Fig. 3. The MO results obtained by a ten-state close-coupling
calculation (40) are in good accord with measurements by Iwai et al. (41),
Kaneko et al. (42). and Afrosimov et al. (43) in the energy re-Tionfrom 0.5
to IU keV/amu. The MO theory predicts that electron capture proceeds to the
n = 4 manifold of the projectile oxygen ion, which is also confirmed experi-
mentally. Note that the total one-electron capture cross section shows a
structureless shape which is rather flat and apparently independent of the
impact energy.
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FIGURE 3
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(Ref. 4b); A, Iwai et al. (Ref. 41); A, Kaneko et al. (Ref. 42); o, Afrosimov
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One theoretical result obtained by the unitarized distorted wave approxima-
tion (UDWA) (44) demonstrates good accord with the MO result as well as with
the measurements. The measurement by Bliman et al. (45) displays an energy
dependence similar to the others, but their values lie approximately 40% below
all other measurements and the MO and UDWA theoretical results. The theoreti-
cal results by Bliman et al. (45), who used the OEDM method, display remark-
able disagreement with other theories and all experiments except their own.
Their theoretical results drop sharply as the energy decreases and differs by

about a factor of 4 from the MO result at I keV/amu. Probably this large dis-
crepancy between two MO approaches can be traced back to the fact that Bliman
et al. only included one channel in their calculation which correlates the
dominant one-electron capture channels, 07+(n=4) + He+ levels; they neglected
the ETF completely. Since the many t,m-sublevels in the given higher n-mani-
fold are closely packed, it is surely necessary to include effe'ts arising
from all these i,m-sublevels in the calculation.

L
6+ 

+ He. Although electron-capture in collisions of various carbon ions
with hydrogen atoms has been extensively studied both theoretically and ex-

perimentall , studies of electron capture in cq+ + He collisions are scarce.
Among Cql + He systems, experiments have concentrated on the C6+ + He colli-

sion. In particular, workers at the FOM (46) and Institute of Plasma Physics
in Nagoya (41) have been analyzing the electron capture mechanism by transla-

tional energy spectroscopy and have offered extremely important information
for understanding the collision dynamics. Their experiment : -'ata are plotted
along with two recent theoretical results in Fig. 4. As preuicted by two dif-
ferent experiments, two theories have proved that electron-capture proceeds
preferentially to the n = 3 manifold of the C

5+ 
ion at least below 10 keV/amu.

The MO result (47) shown in Fig. 4 was obtained by a seven-state close-coupl-

ing calculation, while a semi-AO+ result (48) was calculated by using a two-
center AO plus the inclusion of a limited number of united atom orbitals.

Agreement of the two theories is sufficiently good within 20% above I keV/
amu. Below I keV/amu, the AO+ results drop rather sharply in contrast to the
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line MU (Ref. 47); broken line AO+ (Ref. 48). Experiment: o, Gordeev et al.
(Ref. 46); e, Iwai et al. (Ref. 41).

slow decrease of the cross section in the MO results. The origin of this dis-
crepancy between the two theories in the lower energy regime is not yet clear.
Agreement of these theories with the two experiments by Gordeev et al. and
Iwai et al. is reasonable. Measurements by Gordeev et al. lie cn-s-istently
lower by about 15% than the MO result, although the energy dependence of their
cross section seems to be in good accord with both MO and AO+ results above
1.5 keV/amu. In spite of the fair agreement of the total one-electron capture
cross section between the two theories, agreement of partial cross sections
(x-distribution) is not as satisfactory, as can be seen in Fig. 4. Qualita-
tively, the general trend of each calculated partial cross section, however,
is similar in the two theories as the 3p cross section is the dominant one in
the energy range from -1.5 keV to 10 keV, while the 3s cross section has the
smallest contribution at all energies studied. At lower energy, below -2 keV/
amu, the 3d cross section contributes the most in the MO calculation.

4.2. Electron capture in atom-atom collisions
H + Na. The mechanism of ion-pair formation in atom-atom (in particular

the alkali and halogen system) collisions has long been known as the "harpoon
mechanism" in the study of ion-pair formation. This process has been studied
experimentally for hydrogen-alkali collisions because of the practical appli-
cation.

Calculated adiabatic potential curves show a series of avoided crossings
between E states from the ground state to high lying Rydberg states. Strong
radial couplings at these avoided crossings are responsible for the main flux
promotion mechanism and this mechanism finally brings flux to the ion-pair for-
mation channel. The MO result (49) for the H + Na system is illustrated along
with the multichannel Landau-Zener (MCLZ) (50) result and experiments in Fig.
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5. The MO calculation has been performed by using six states in a close-coupl-
inm method. Marked disagreement between the MO and MCLZ is found. The origin
of this large discrepancy can be traced to the assumptions in the MCLZ method.
The assumed conditions are very specific and thus limit the applicability of
the theory. Apparently the conditions are not satisfied in the present case.

The MU result is more favorable to the measurements by Howald et al. (51)
in the 1.0 to 5.0 keV/amu energy range. Experimental data by Nagata-(52) seem
to drop too drastically in the lower energy side.

4.3. Alignment and orientation study of the electron cloud
Li+ + He. In recent years, very precise experimental coherence and corre-

lation analysis techniques have been developed and utilized to study the align-
ment and orientation of the electron cloud og colliding particles (53). Among
those beautiful experiments carried out within the last year, the experiment
performed for alignment and orientation of Li(2

2
p) and He(2

1
P) excited states

in Li
+ 

+ He collisions by Andersen et al. (54) is most attractive to theo-
rists. The main feature in this experiment is the finding that at energies
below -5 keV the shape of the electron clouds in the Li(22p) and He(2

1
P) ex-

cited states is very nearly that of a p-orbital, aligned perpendicular to the
asymptotic internuclear axis, independent of impact parameters and of whether
the electron stays on the He-core or is transferred to the Li-center during
the collision. At energies above 5 keV, the shape changes from that of a pure
p-orbital, the alignment angle deviating from the perpendicular direction with
a larger angle for Li and a smaller angle for He. From the theoretical point
of view, this problem is extremely difficult to tackle, since the important
dynamics takes place at small impact parameter, b < 1 a.u.
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FIGURE 5
Ion-pair formation cross section in H + Na collisions. Theory: solid line MO
(Ref. 49); broken line MCLZ (Ref. 50). Experiment: e, Howald et al. (Ref.
51); A, Nagata (Ref. 52).



442 M Kimura

Thus, to represent the collision system accurately in either the MO or the
AU approach in such a small R region requires a calculation of extremely high
precision. Also, in the MO representation, a "good" molecular ETF is needed
to describe the two-center character of the ETF properly at small R. Although

one theoretical attempt has been reported on this system (55), it was not com-
pletely successfyl due in part to the lack of Galilean invariance of the treat-
ment. In the Li + He system the MO diagram tells us that the ground state
Li

+ 
(Is

2
) + He(Is

2
) is degenerate with the 2pr state, Li(1s

2 
2pl) + He

+ 
(Is),

at the united atom limit. Although there is an avoided crossing at small R
between the ground state and the 2so state, Li(Is

2
2s) + He

+ 
(is), the main

source of the flux promotion to upper levels is considered to be this strong
rotational coupling. The MO calculation (56) has been performed by using a
seven-state close coupling method with MO ETF's. The MO calculation confirms
that at energies below 5 keV, the flux is promoted to the 

2
pr state, Li(

2
P1 ) +

He , through strong 
2
po-

2
pu rotational coupling initially at small R. How-

ever, j, the later part of the collision, long range n- radial coupling re-
distributes the flux between the electron-capture to the excited Li(2

2
P) state

and the direct excitation channel to the He(21P) state.
At energies above 5 keV, the stepwise flux promotion from the ground state

through sequential radial couplings, as well as the flux mixture between pa

and pir states of the Li(2
2
P) and He(21P) atoms start playing an important role

in the mechanism.
The results clearly support the experimental findings and give a theoretical

rationale. Figure 6 displays both experimental and theoretical results for the
alignment angle, y, at an impact parameter b = 0.55 a.u. Very good agreement
between theory and experiment is noticeable. Also it is worth pointing out
that YLi and He show nearly out-of-phase oscillation. This phenomenon can be
understood from the fact that the large electron cloud is shared by the two
colliding nuclei before the electron settles in the final state. If most of
the ele tron cloud moves with the projectile in an electron capture event,
then the electron cloud at the target is minimum, and vice versa [57]. This
simple picture explains qualitatively the out-of-phase phenomena.
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FIGURE 6
Alignment angle for Li(2

2
P), left panel, and He(2

1
P), right panel. Points are

from experiment (Ref. 54); solid lines are theory, MO + MOETF (Ref. 56).
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5. FURTHER REMARKS

We have been looking at the validity of various theoretical approaches
commonly used to investigate different inelastic events observed in ion-atom,
atom-atom collisions in the low to intermediate energy regime. In contrast to
the study of one-electron (or pseudo one-electron) systems where impressive
agreement between the MO and AD results is not viewed with surprise any more,
the appropriateness and effectiveness of various theoretical approaches for
the more than one-electron systems have not been established yet. Indeed, the
application of these theoretical models has just begun. Within the next f-w
years, it will become clear that only some of the theoretical approaches men-
tioned above can survive and be successful with many-electron systems. Al-
though the molecular ETF may remain a major problem in the MO representation,
it will become known that certain types of MO ETF's are useful and effective
in specific cases.

Although the time is not yet ripe to discuss the new approach to ion-atom

collision theory, namely the R-matrix method (14,15,57), more practical appli-
cations will be reported for many-electron systems as well as ion-molecule
collision systems in the next few years.

Measurements other than cross sections, for example the study of alignment
and orientation in the collision, will become more feasible and these new
measurements will definitely provide more detailed insight into collision
dynamics. These studies will certainly feed back to, and require rigorous
theoretical models, from theorists.
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STATE-RESOLVED SINGLE ELECTRON CAPTURE IN SLOW COLLISIONS OF MULTI-CHARGED
IONS WITH ONE- AND TWO-ELECTRON ATOMS

D. DIJKK.AMP*, D. CIRIC
+ and F.J. DE HEER

FOM-Institute for Atomic and Molecular Physics, Kruislaan 407,
1098 SJ Amsterdam, The Netherlands

We discuss recent experimental results on state-selective single electron
capture by slow multi-charged ions from one- and two-electron targets, with
emphasis on the 1-distribution as a function of the collision velocity, in
the range 0.1 -0.5 au. Some of the results for atomic hydrogen and helium as
target are compared with detailed calculations.

During the last decade, electron capture by slow multi-charged ions (MCI)

has been the subject of many experimental and theoretical studies. At first,

the emphasis was on the study of the behaviour of the total capture cross sec-

tion, at, as a function of relevant parameters, such as the charge state q of

the projectile, the target binding energy IT and the collision velocity v. How-

ever, for a more stringent test of theoretical calculations, as well as for

applicdtions in fields like plasma diagnostics and astrophysics, one desires

information on the final state distribution of the captured electron. A recent

review of theoretical and experimental progress in this field has been given by

Janev and Winter (1). At present, two experimental methods are widely used to

obtain such information: Energy Change Spectroscopy (ECS), in which one deter-

mines the energy gain (loss) of the projectiles, and Photon Spectroscopy (PS),

in which one observes the photon emission of the excited projectiles. ECS has

the advantages of giving direct information on the population of the various

energy levels, with a detection efficiency of the order unity. PS gives only

indirect infurmation; to obtain population distributions the relevant transi-

tion probabilities should be known. The sensitivity of PS is very low, typical-

ly of the order 10- 7 , and in addition wavelength dependent. However, the reso-

lution of PS is far superior to that of ECS, which is a decisive advantage if

one wants to study ]-distributions resulting from collisions with, e.g., helium-

like ions, since the different l-subshells within one n-shell are very close in

energy for the resulting lithium-like final states.

We have used PS to study nl-distributions in slow collisions of fully strip-

ped (He2 , C6 , N7+), helium-like (C4 , N5 +, 06+) and lithium-like (C3+ ) ions

*Present address: Bell Communications Research, Murray Hill, NJ 07974, USA.

+Boris Kidric Institute, P.O. Box 522, Belgrade, Yugoslavia.
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with lithium, helium, molecular and atomic hydrogen (2)-(9). The experimental

set-up (cf. fig. 1) has been described in several publications (2,3,5) and will

not be discussed in detail here. To compensate for the low sensitivity, intense

i--n beams are needed which were produced by an ECR ion source of the MINIMAFIOS

type (10) installed at the KVI, Groningen, The Netherlands (11). Light emission

in the wavelength range 10 -600 nm was measured by means of several monochro-

mators, absolutely calibrated on sensitivity. From the measured line emission

cross sections, o em(), we deduced absolute subshell-selective cross sections,

;nl" The experiments were done in a crossed beam configuration; atomic hydrogen

was produced by means of a radiofrequency discharge, similar to that described

by Slevin and Stirling (12). The target density and composition were measured

by electron impact excitation, as described in ref. 4. In the following we will

discuss a few representative results, with special attention to the behaviour

of the 1-distributions as a function of velocity.

Figs. 2a,b show a31 for C4+-H,H2, figs. 3a,b show a41 for 06+-H,H2. For

atomic hydrogen the results of extended AO-calculations by Fritsch and Lin (13)

are also shown. The agreement between theory and experiment is quite satisfac-

tory. It is clear that the anl data for the same ion on atomic or molecular hy-

drogen exhibit a rather different velocity dependence, even though an = zl 
0 
nl is

quite similar for both targets and is almost independent of velocity in all

cases. In fact, both the dominance of one particular n-shell as well as the

weak velocity dependence of an are consistent with the well known classical

barrier model (CBM) for electron capture, as we have shown in refs. 6,8.
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Also shown in figs. 2,3 are normalized statistical I-distribution at v=O.5

au (full symbols), which fit the data reasonably well, except for some of the

s-states. This feature is in agreement with the so-called rotational mixing mo-

del for the 1-distribution, developed by Abramov et al. (14) (see also ref. 1).

In this model, the 1-distribution is strongly influenced by long range rota-

tional mixing, induced by the electric field of the receding target ion, after

'he electron capture has taken place. The strength of this mixing decreases

with decreasing collision velocity. At very low velocities (v- 0.1 au) the

model predicts that the 1-distribution is determined by the geometrical overlap

between the initially populated Stark state and the various spherical final

states, leading to dominant population of p- or d-subshells, depending on the

initial coupling mechanism. However, this model was developed for collisions

involving fully stripped ions, which are subject to a linear Stark effect. In

our case, the degeneracy between the final states is removed, which should re-

duce the strength of rotational mixing. This might explain why we already ob-

serve strong changes in the 1-distributions if the velocity is reduced from 0.5

to 0.1 au. This explanation is corroborated by comparing detailed AO-calcula-

tions by Fritsch and Lin (15) for Be 4+-H with their results for C4+-H (13). At
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v0.5 au the 31-distributions are almost identical (and close to statistical),

but the distribution for Be4+ changes only slightly when decreasing the veloci-

ty to 0.1 au, in contrast to the result for C4 . A similar behaviour is obser-

ved when comparing the calculated 41-distributions for C6+-H with those for

06 _ H.

Summarizing, we have found that the ]-distribution at v-O.5 au is qualita-

tively statistical for all systems involving helium-like ions, whereas towards

lower velocity the distribution behaves differently for each system. Elsewhere

(6,8) we show that the 1-distributions at v;O.l au can be qualitatively under-

stood from simple diabatic potential diagrams, by comparing the position of the

various crossings with the crossing radius Rc as predicted by the CMB. It turns

out that the most favourable crossing is always the first one inside Rc* For

v. 0.5 au, the distribution becomes overstatistical, which can be most clearly

seen in our results for C4+-Li (2). (In that system the effective velocity is

higher, because of the low target binding energy). This trend is in agreement

with the results of AO-calculations by Fritsch and Lin (13), and was also seen

in the Monte-Carlo calculations by Olson (16) and the UDWA calculations by

Ryufuku (17).
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FIGURE 4 FIGURE 5
op 6or Hc2 +-H co ..L onz. Ci'ceez - a o., He2+-H colions. Fo.t the mean-
our expe.wnenta esults. Theoreticae i g of the symboa see the p.%evious
'te.sutL, ote represented by Ismooth cWL- figu"Le.
ves: (WH) - Wintet and Hatton (18), (KT)
- KirA avd Thoson (19), (BN) -Ban-
den and Nobte (20), LD) - Ladde and
PVizteL (21), (B) - B.ansden et at. (22)

Of course, pure one-electron systems are the starting point for any theore-

tiLal approach to the charge transfer problem. Thus, it is not surprising that

many calculations have been reported for the system He 2+-H. In fig. 4 we show

as an example the comparison between our experimental result (4,5) for 02p and

several theoretical results (references are given in the figure caption). For

this dominant channel, the agreement is quite good, but for non-dominant chan-

nels, such as capture into the n=3 states, deviations occur, as show in fig. 5.

The results of Kimura and Thorson (19) and LUdde and Dreizler (21) are closest

to our experimental data; the result of Winter and Hatton (18) also includes

capture into higher states which explains why their data rise more strongly

with increasing velocity. The AO-calculations by Bransden and Noble (20) and

Bransden et al. (22) do not agree very well with the experimental results.

For fully stripped ions with higher charge, the degeneracy between the va-

rious l-subshells prevents a determination of anl from optical measurements
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alone. One can then only compare the

measured emission cross sections with

those calculated from the theoretical 50

state-selective capture cross sections.-G

Such d comparison is made in fig. 6 E

for the system C
6
+-H (7). The theore- 20

tical results shown are the M-calcu- -

lations of Green et al. (23) and of toS

Salin (24). However, it should be re- /
U/

marked that the AO calculation of 5 /

Fritsch and Lin (15) gives results En -
0

identical to those of Green et al. L @total

Also shown are experimental results 2 - A3 - 2

for the total capture cross section (P11

Ct , obtained by means of charge state ....... 2
0.05 0 1 0.2 0.5 t 2

analysis, both by our own group (7) velocity (a.u.)

and by Phaneuf et al. (25).

This way of comparing state- FIGURE 6

selective cross sections is rather Tot( captLte ctoS sectLoit a atd Uste
em'5ion c46o sectLon a, (i - '() Jot

indirect, because one averages over C6
+-H as a fuinction of velocity. Etot

several states. For these one-elec- ba,.Ls itdicate totaC unc ta-inti.es. (Ph)
- kt bt Phtanuej et ae. (25), Zcitg cttt-

tron systems, ECS would give direct ves .i dcated t&i G - theoiy by Green

information on the n-distribution. et ae. (23), shott cuLves bidicated
witJ S - theo'ty by SaL-cj (24).

Combining such data 
with the optical

data would make it possible to determine the separate onl, which illustrates

the complementary nature of the ECS and PS methods. In this connection, it

should be remarked that until now the only system involving atomic hydrogen

which has been studied by both methods is C 3+-H. In a forthcoming publication

(9) we compare our results for this system with data obtained by the Belfast

group (26). Although the results are in good agreemit with regard to the do-

minant channels, PS is able to identify ten different final channels, whereas

in the ECS measurements only four channels could be discriminated.

The rotational mixing model mentioned above, as well as the work of Salin

(24), indicates that important information about the physical nature of the

charge exchange process is contained in the m-distribution. Baptist et al. (27)

have measured the m-distribution from the polarization of the emitted photons,

for the system C4+-H 2. Their results for the ratio a3pO/o3pl show that the m=0

state is predominantly populated which implies that for this system charge ex-

change occurs mainly via radial coupling.



State-Resolved Single Electron Capture 451

Very recently, several theoretical

groups have attempted to calculate ENERGY (keV/amu)
1 2 4 6 8 10 12

state-selective cross sections for 10 1 1 T I I I L

two-electron systems, in particular C4++ He

for collisions with helium. Fig. 7 5

shows our experimental results for a*

C4 +-He, compared with a MO-calcula- U 2

tion by Kimura and Olson (28). Also

shown are a data from the Nagoya 1

tz 
-(29) and Oak Ridge groups (30). The . A-

I-0.5

agreement for the dominant channel, U r  
_

a2p, is quire good, however, we ob- i 2--2
2p Ln A,035

serve a noticeable amount of capture (n 031
aA30

into the n= 3 shell, at variance UZ o s

with the theoretical prediction. 0.1 - (c)

Fritsch and Lin obtained theoreti-
6+0.05

cal results for 06+-He, reported at 0.1 0.2 0.3 04 0.5 0,6 0 7

this conference (31), which compare VELOCITY (a.u.)

well with our experimental results,

at least for the dominant 31-channels. 2p,  3 C a d a.= 2p + Z 03 t fo k C 4 -He -

We may conclude that theoretical AP-so shoia? ate expe.tbnentat o t data by

and experimental efforts have rapid- lwaL et aC. (29) - (1) aod by C-Landatt
(30) - (C) . The 5ntooth cu'Lve 6 the theo-

ly converged in the last two years: .'Leica W u.Cut fot 02p = yt by K.&nuux

As we have shown there are now several aiid OUct (28).

systems for which theoretical and ex-

perimental results on state-selective cross sections can be directly compared.

The overall agreement is quite satisfactory, but the energy range over which a

comparison can be made is still rather limited.

We may expect that in the future more efforts will be made to obtain a deep-

er insight into the charge transfer mechanism. In particular, more complex

(multi-electron) systems should be studied, and more information on the m-dis-

tributions would be desirable. Finally, our own group will attempt to extend

some of the state-selective measurements discussed above to lower velocities,

possibly down to 0.02 au.
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TRANSLATIONAL ENERGY SPECTROSCOPY AND ANGULAR DISTRIBUTIONS FOR LOW ENERGY

CAPTURE BY MULTIPLY CHARGED C, Ne AND Ar FROM He, D2, AND D TARGETS

C. L. COCKE, J. P. GIESE, L. N. TUNNELL, W. WAGGONER, and S. L. VARGHESE

J. R. Macdonald Laboratory, Physics Dept., Kansas State University,

Manhattan, KS 66506, USA

Translational energy spectra for multiply charged Ar, Ne and C projectiles

at 400-5000 eV capturing electrons from targets of atomic and molecular

deuterium have been measured. Direct capture can be explained in terms

of simple reaction window arguments, but structure and location of trans-

fer ionization groups is not well understood. Angular distributions for

capture by No and C from He target have been measured. Oscillatory

structure for double+ apture b4 C on He is qualitatively explained,

but structure for Ne and No
+ 

on He is poorly described by simple

two-state models.

1. INTRODUCTION

The capture of electrons from neutral targets by multiply charged projec-

tiles has been the subject of intense study in recent years, At low velo-

cities the capture is well known to populate quite selectively states of high

excitation on the projectile core, nearly always with positive energy balance.

In a curve crossing picture, the transfer at crossings of the incoming channel

with the Coulomb promoted final channels, strongly favoring crossings which

occur within a "reaction window" centered on an optimum value of internuclear

distance (R ) For multielectron targets, capture of more than one electron or

transfer ionization (T.I.), usually in the form of capture to unbound doubly

excited states, is important. (See fig. 1.) The long range nature of the

transfer has led to the development of several quite successful theoretical

descriptions of the process which have the advinage of broad applicability to

a wide range of target and projectile species. For systems with a small

number of active electrons, 4 detailed theoretical treatments of specific systems

are increasingly available. On the experimental side, total cross section

measurements abound, although data for true on electron systems is still

available only through the first row elements. State selective measurements,

Capture by A" rorm B

V

loA' 8 g R Fig. I: Schematic of potential
curves for capture by

A
+ q

from B.
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through translational energy spectroscopy and electron and photon spectroscopy,
are necessary in many cases to advance our understanding of the capture process

further. Little angular distribution datg for such systems have been reported

for more than doubly charged projectiles.

Considerable e!ynt work has been reported on energy gain spectroscopy for

such collisions. In this paper we present some of our recent energy gain
results on single and double capture from light targets by multiply charged Ne

and Ar projectiles. We have chosen targets with no more than two electrons in
the hope that such systems will ultimately prove more tractable theoretically.
This choice carries with it one experimental cost: the kinematic spread in
projectile energies which results from low energy capture increases rapidly
with increasing projectile to target mass ratio. This effect can limit the
final state spectral resolution in energy gain experiments. It points to the
fact that the energy and angular distributions in the laboratory are inextri-
cabls connected, and originally led to our investigations of the angular
distributions of the capturing projectiles. Ton source limitations restrict us
to the use of less than fully stripped projectiles. Although the theoretical
treatment of the capture is eased for the case of a bare projectile, resolution
of final t values is not possible in such a case due to the degeneracy of the

final states. To this extent, there is even some advantage to the use of less
than fully stripped ions for which this degeneracy is removed.

2. ENERGY-GAIN SPECTROSCOPY

The apparatus which we have used for energy gain spectroscopv is shown in
fig. 2 The ions are produced from a recoil ion source pumped by 20-25 MeV F
beams. The recoil ions are extracted with an energy of 35 to 60 eV-q, where
q is the ion charge state. After momentum analysis they enter a resistively
heated atomic hydrogen oven which also serves as a normal gas cell for other
targyts. Th, entire oven can be maintained at a voltage which is varied in
order to change the collision energy. Thereafter the ions pass into a hemis-

hberiual electrostatic analyzer for charge and energy analysis. The best
energy resolution we have obtained is 0.24 eVgq, which is less than the
reso

t
ution of the magnetic momentum analyzer, and thus greater than or equal to

the iritrinsic energy spread in the recoil source. The atomic deuterium target
is obtaired by heating the oven to a temperature between 2000K and 2100'K, for
which a dissociation fraction of approximately O.8 is obtained.

The kinefic energy given to the target, and thus lost to the projectile,
ino roases rapidly with the scattering angle of the projertile, 0, with a

, iff iient which increasus with projectile to target mass ratio. The projec-
tilu, reaction products are distributed neat a characteristic scattering angle
(, which we define as that anglo which corresponds to capture at an impact

Piameter requal to the crossing tadits. In the absence of polarization effects
cm the potential curves, it can he shown that, for small angles, 0 =Q/2F. where

is the ene-rgv released in the react ion and E the laboratory hombarding
ontprg . This remarkably simple result is independent of the masses involved
-id of the nmmber of ele trons captured. Table I shows values of AE, defined
is the difference( between the energy gain at 6 and that at 0-O', for selected
,ss, and shows the advantage of using higher bombarding energies and heavier
t.atgrt masses. For this reason we have used deuterium rather than normal
hydrogen as a target. Large shifts are to be associated with large spreads in
onetgv gain as well, line to the finit,, angular distribution of the react ion

tr ,duc t S.
In fig. 3 we show energy spectra for 3955 eV Ne

+ 7 
oR At, D2 and atomic

,emtrium targets. All events shown correspond to Ne final ions. Several
foatures of this spectrum are common to nearly all casel we have studied.
Normal single capture to identifiable states on the Ne core appear at lower
clergy gains, with a broad band of Ippulation occurring at higher energy gains



Translational Energy Spectroscopy and Angnar Distributions 455

Fig. 2: Apparatus used for energy gain 1250 No-an Ar

measurements with molecular and

atomic deuterium and hydrogen. 1000
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Fig. 3: Energy gain spectra for 3955 eV Ne+7 . .

on Ar, D, and D. 0 20 30 40 50 60

ENERGY GAIN (EV)

for th, muilti-eletrori targets. In this case, the normal capture is to
unresolved J values with n=5. A Q-value window, calculated on the basis of a

twi-Jvel Landau-Zener model with the coupling matrix element given by Olson rt

!.. is shown for the Ne on D, case. It would favor population of even

higher Q. but the 5A levels are tte only nearby candidates. The higher energ-
group mnight be attributed to population of lower n, but it is much more likelv
that it is due instead to transfer ionization (T.I.), presumably in the form of
douple capture to unresolved doubly excited states which autoionize back to the
Ne channel before detection. Such an interpretation is strongly supported by
the disappearance of this group for the one-electron target. Similard7rqer-
pretations of T.I. groups have been made previously by other workers. The
energies of the densely distributed doubly excited states involved here are not
known but may be vtimated on the basis of the binding energies of single

electrons to a NP core. In this way we tentatively identify the two T.I.
groups near 25 and 38 eV as due to capture to nn'-5,5 and 5.4 respectively.

The similarity between tve Ar target spectrum (which is in good agreement

with that of Nielsen el al. ) and the D, spectrum is striking. The first
binding energy for argon (15.76 eV) is nearly equal to that for molecular
derterium (15.24). and the spectral comparison shows d'.matically that the
energy balance rather than the molecular or atomic structure is the major

fartor which determines the final state populations in the reaction. The

profess seems not to know that D, is a molecule rather than an atom. It is
surprising, however, that the T.T. spectra are so similar, since the ionization

potentials for Ar and D, by 11 eV. This suggests that the structure in the
T.I. may he characteristIc of the location of reaction windows for population
of doubly excited states as well as the density of such levels. The effective

crossing radii for the direct and two T.I. grorps in fig. 3 are at approxi-
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matelv 13.6, 11.3 and 7.19 a.u., respectively, indicating that the doubly

excited levels are populat ?d at smaller internuctear distances than are singly

excited levels. Since both sequential one-electron transfer and two-electron

transfer can occur, it is possib;e that two reaction windows can occur for T.I.
Similar structure occurs for Ne projectiles. +6

In fig. 4 we show energy gain spectra for Ar on atomic and molecular

deuterium targets, as well as on Ar and H, . A comparison of the D, and H 2
targets shows the resolution advantage of'having the heavier target mass.

The density of final states is sufficiently high in this case that the

population distribution is thought to reflect direct], the reaction window in Q
value. We have used a Landau-Zener multi-level model to calculate the shape of

such a window, following the procedure given by Olson. We have assumed a

uniform spacing in Q value of the many possible final states. Two parameters

enter this model: the level density and the strength of the coupling matrix
element H which couples the incident channel withlnach crossing reaction
channel. Pe have used Olson's universal expression

H = C.9.11/A exp[-1 .324 R/,4 I

but have introduced C as an adjustable parameter which we use to invest igate
the eff cl ,,f the strength of H on the window placement and width. Th-
windows shown in fig. 4 were calculated from this model using the parameters

given in Table 2. Also given are total cross sections from both the model and
experiment . We have included the T. I. in the experimental cross sections

te,: us, we suspect that these channels onlv serve to take flux out of the

single raptnre channel, although no T.I. is treated by the model. The cross
sections are in fairly good agreement witl the model, but are quite insensitive
tn, C. The lonation of the reaction window is quite sensitive to C. We find it

sunprising that a value of C so near unity is found when the coupling strength
nif th- sigma state for which the universal expression of Olson was developed,
must he shared among so many different X states for any given n. The shift in
rcA, w in window between Ar and D, and between D, and D cannot be explained in
terms onlv nf ionization potentiAl differences,-but must be due to differences

in the oupling matrix elements as well.

i. ANGMLAR DISTRtBtTIONS

In fig. I is shown the apparatus we have used for measnnring angular distri-
hiutiois for Ne and C projentiles on He. Charge state selection is done with a
retarding grid located in front of the detector. A one-dimensional position

niennnitivn' channel plate dpte(tor assembly, collimated with a bow-tie shaped
,ollimatnr tnn convert a radial distribution into iprproximatelv Iwithin 3' FWHM)
I linear one, reord. dc/dO directlv. The effective angular resolution (if the

stei, limit,,d by aperture sizes, is between 0.2 andl 0.15 degrees (FWHM). Even
ith sn nn a m.rIin t i-solnn inin -conint rates are rarelv above a Inndrod Hz in the
ha r pi', - a nge group.

Th, nol I ision schematicu of fig. 6 illustrates the qual itat ive features one
miyht expe t for the trajectories and d,flect ion funict ins for svstn-ms con-
sidlnnd here. The pirtnr we tis- is semi-classical, ;ilthough the alidit- of

this pintUr.. is ipen to debitt,. The deflention function for a two level cas,.
i:; If ted tn he hal.an nrized ins two b-anches cortespondirng ton transfer at
In ,-i ssing negin on thn, inncoming and outgning parts of the ttajectorv. The
tw+ " lInnm Ins meet at 0 . Eo sich a deflection function, a tainbow is expe-ten

.an ar anyle . Os, ilflatonnv neha io dun to inl rf ren e inetw,-n sn-att,- inngs
fn-nnn liffern-1 In ]ading to the same 0 is expectel with the separation ot.en
peaks , relahle from the deflect in fnunt ion, as disnussd n F:nrdi and

WIn Ile-r. Ir a region were the lnnnncies of tie nip flP( i nn fun t i nn a-,
ne arlv patalle , the se raat ion hn'twoen peaks is givnn hv w2nl /A I (nmv I l



Translational Energy Spectroscopy and Angular Distributions 457

2000 A"'* on Ar Fig. 4: Energy gain spectra for 3390 eV Ar+

on Ar, D 0 and H2 . The dashed

lit ~~~lines are reaction wnoscluae

using the parameters in Table 2.
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The deflection function shown comes from a simple two state model it' which the+6
Ne is taken to be a point charge and screened Coulomb potentials are taken

for both potential curves. The rainhow angle thos predicted is in reasonable

agreement with the data but the oscillation frequency, barely resolvable with

the present resolut.ion, is a factor of three lower than that found by th-

expression for A9 given above. The data indicate that a much smaller separa-

tion between the two branches of the deflection is needed. It is possible that
such a result could come from interacrion with double capture channels not
included in the model potential, ever If such channels are not ultimatelv

populated in the reaction. There are manv such crossings in the region of rl ,
react ion window. +4

An ex-n more puzzling result is shown in fig. 9 for Ne on He. A similar

poterntial model results in the defle( ting function shown, and again predicts an
oscillat ion frequency which is about a factor of four higher than the separa-
tion of the two main structures at 1.2 and 1.8 degrees. In addition there is a

st rung forward peak which is well inside the calculated rainbow angle and for
which we have no explanation. This peak sharpens with improvement in experi-
mental resolution and its trte width is not shown by the experiment. It is

1.5Ne*4 an He1!single capture
i;400 eV/

-l 8 c .. .. .

3

2

00

I /
3r

ANGLE (DEG)

Fix,. 9: 'limi lat t ( Fig. 7, buit tot Ne on He.
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possible that a true quantal treatment of the process will be necessary for

understanding of these distributioirs.
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TABLE 1: KINEMATIC ENERGY SHIFTS AE FOR Ar PROJECTILES

TARrET F(e,) & (1) Qf(e V) JE( V)
C

D 3590 0.180 20 3.19

H 3390 0.188 20 2.37

H 3390 0.090 10 0.59

H 800 0.425 10 2.47

TABLE 2: PARA.METERS USED FOR Q-WINDOW CALCULATION

PRa lECTILE TARGET LEPELS/e V C Ep (AIO
6

c)

Ar
+ 6  

Ar 0.33 1.2 51.1 71.4
a

+6

Ar- D, 0.33 0.65 48.8 49
b

Ar
6  

D 0.33 1.42 55.1 4 8 b

+7
Ne D, one only 1.0 -- --

Ref. 7 bRef. 21
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STATE-SELECTIVE ELECTRON CAPTURE BY SLOW MULTIPLY CHARGED IONS IN ATOMIC

HYDROGEN USING TRANSLATIONAL ENERGY SPECTROSCOPY

R. W. McCULLOUGH

Department of Pure and Applied Physics, The Queen's University of D.lfast,

Belfast, UK

The application of the technique of translational energy spectroscopy in
a furnace target arrangement to provide the first state-selective measure-
ments of one electron capture by slow (v < 1 a.u.) multiply charged ions
in atomic hydrogen is described. Results for C

q + 
and Nq+(q = 2,3) are

presented and the influence of metastable primary ions discussed. State
selective one electron capture cross sections for N

2
+ and C

3
+ in H are

compared with theory and in the case of C
3+ 

with the rec~nt data from the
complementary technique of photon emission spectroscopy.

,. INTRODUCTION

The electron capture process

X
q+  

+ H(Is) , X
(q

-l)+ (n,i) + H
+  

fl}

involving multiply charged ions an hydrogen atoms resulting in the production
of specific states n,z of the x(q- )+ product ion plays an important role in
both astrophysical and fusion plasmas. At low collision velocities (v < 1 a.u.
or 25 keV amu

-1
) a quasi-molecular description of the collision system is appro-

priate and the electron capture process fl} can be considered as the result of
transitions between the adiabatic potential energy curves of the initial and
final molecular states. Selective capture into a limited number of product ion

states occurs with maximum probability via pseudo-crossings of these curves
which, for exothermic reaction channels with energy defects AE, occur at inter-
nuclear separations Rc - (q-l)/. E a.u. (neglecting polarisation).

The first experimental studies of fl} were carried out in our laboratory (1)
where the feasibility of using translational energy spectroscopy TES in conjunc-
tion with a tungsten tube furnace to provide a target of highly dissociated
hydrogen was demonstrated. In this method the primary ion beam xq4 of well
defined energy TI is pa sed through the target. If the kinetic energy of the
forward scattered X (q-1) ions formed as products of single one electron capture
collisions is measured as T2 then the energy change

AT = T2  TI = AE - AK {21

where AE is the energy defect of a particular collision channel in flb character-
ised by the initial and final states of both the target and projectile, and AK
is the recoil energy of the target. Provided , E!T] - 1 and scattering angles
are small then the observed change in translational energy ,%T A, E. This
technique requiring only very low primary beam intensities of %O

1
' counts/s is

capable of providing an unambiguous indication of the presence and influence of
any metastable species present in the primary beam. Moreover, with a knowledge
of the total one electron capture cross sections, state-selective cross sections
can be determined in a direct manner enabling the first detailed comparisons
with theory to be made.

This method has now been successfully applied in this iaboratory (McCullough
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et a] (2), Wilkie et al (3), (4)) for collisions involving 0.6-18 keV Cq + and
Nq+ (q = 2,3) ions in atomic hydrogen.

Recently, the Amsterdam/Groningen group (Ciric et al (5), (6) and Dijkkamn Pt
al (7), have used photon emission spectroscopy (PES) for state-selective electron
capture studies of 7-120 keV multiply charged ions of C, N and 0 in ate-ic hydro-
gen. In the PES method, data is obtained from an analysis of emission cross
sections for spectral lines emitted in the spontaneous decay of the excited
products of single collisions. This method which is capable of much higher
energy resolution than TES requires primary beam intensities several orders of
magnitude larger and requires data on energy levels, transition probabilities
together with absolute photon detection efficiency calibrations of several
spectrometers. In contrast to TES, capture processes resulting in the formation
of either ground state or long lived excited states of the product ion cannot De
studied by the PES method. The two methods are therefore complementary.

2. EXPERIMENTAL APPROACH

The basic apparatus and method of measurement was the same as that described
in our previous work (Lennon et al (8), Wilkie et al (3) so that only the
essential features and recent improvements need be summarised here.

A beam of primary ions xq+ derived directly from an oscillating electron type
ion source, was momentum analysed by magnetic deflection. The ions were then
focussed and decelerated in passage through an electrostatic lens to an energy
typically between 20 q and 120 q eV before passing through two electrostatic
hemispherical analysers to select ions with an energy spread down to 0.17 q eV
FWHM. After acceleration the ions passed through two diametrically opposed
apertures midway along a tungsten tube furnace into which hydrogen gas flowed at
a constant rate. The furnace tube was heated by passing a.c. directly through
it and was maintained at collision potential while the surrounding heat shield
and walls of the vacuum chamber housing were baised negatively with respect to
the furnace to prevent ions formed by electron capture in the residual gas out-
side the furnace from contributing to the measured signals.

The furnace was operated either at room temperature as a simple gas cell
containing H2 or at a temperature of about 2400 K to provide a trget of highly
dissociated hydrogen with an estimated degree of dissociation of at least 92
compared to the %4 75'7 achieved in our earlier work (1). The hydrogen flow rate
to the furnace was at all times low enough to ensure single collision conditions.

Forward scattered x(q-1)+ ions formed as products of single collisions were
focussed and decelerated by an electrostatic lens and energy analysed by a third
hemispherical electrostatic analyser which was operated with a FWHM energy
resolution down to 0.17 (q-1) eV. The geometry of the furnace tube, product ion
analyser and detector was such that ions x(q-i) + scattered within a mean half
angle of 0.50 were detected.

In all our previous work the energy analysed X(q-l) + product ions passed
through a I mm diameter aperture at the exit of the final analyser and were
detected by a multiplier operating as a single particle counter. The energy
change spectrum was thus seen as a linearly dispersed image of which only a
small fraction could be sampled by voltage scanning at any instant. Recently,
we have used a position sensitive detection system PSD similar to that described
by Hicks et al (9) which simultaneously records the intensity and position of
the dispersed image to obtain a considerable increase in the effective product
ion detection efficiency.

An energy change spectrum which previously required an accumulation time of
approximately 2 hours could be obtained in 90 seconds with the same statistical
accuracy. This has enabled higher resolution measurements to be made which were
previously precluded by the need for very long counting times. This improved
experimental arrangement has enabled measurements of higher statistical accuracy
combined with a factor of , 2 increase in eneigy resolution to be carried out.
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Also the higher dissociation fractions resulted in a negligible contribution
from channels involving undissociated hydrogen to our observed energy change
spectrum for atomic hydrogen.

3. RESULTS AND DISCUSSION

3.1 Measurements for C
2
+ and N

2
+ in H

Energy change spectra for one electron capture by C
2+ 

ions in H were obtained
in the energy range 2-8 keV and for N

2+ 
in H in the energy range 0.6-8 keV. Fig

1 shows a measured energy change spectrum for C2+ in H at 4 keV with vertical
lines indicating the energy changes AT t AE corresponding to each reaction
channel id labelled according to the C

+ 
state formed.

I IYD)" '-- ' C{i*I

- o 2 6 8 10 12
En y chtw e ATitV)

FIGURE 1
Energy change spectrum for one electron capture by 4 key C

2+

ions in H. An asterisk indicates channels involving metastable
C2+(

3
P
°
) primary ions (see text).

Channels involving metastable C
2
+(

3
P
0
) ions (labelled with an asterisk) are

clearly identified. Our results within the energy range 2-8 keV, indicate that
between 60 and 657 of the total C

+ 
product yield arises from exothermic channels

associated with C
2
+(3PO) metastable ions in the primary beam. The presence of

this unknown metastable fraction precludes a determination of the individual
cross sections for one electron capture by either C

2
+ metastable or ground state

ions. However, theoretical studies of charge transfer in thermal energy C
2
+(IS)

-H(lS) collisions by McCarrol and Valiron (10) and by Heil et al (11) predict

that C
2
+(

2
D) formation with an energy defect AE = 1.48 eV provides the main

contribution to the C+ product yield. This is in accord with our observations
for the ground state primary ions. This example clearly illustrates the exper-
imental problems incurred when the primary ion beam contains an unknown fraction
of metastables. It is possible to overcome these problems using the technique
of Double Translational Spectroscopy as illustrated by Huber and Kahlert (12)
for the case of Ar+-He collisions.

Figure 2 shows typical energy change spectra for 2 and 6 keV N
+ 

ions in H

together with a typical primary ion beam energy profile (FWHM 1.0 eV). Measure-
ments in a subsidiary experiment using a beam attenuation technique indicated
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FIGURE 2
Energy change spectra for one electron capture by (a) 6 keY and
(b) 2 keV N2 + ions in H. Inset (c) shows energy profile of
primary N2+ ions.

that the N2+ primary ion beams were almost entirely in the N2+( 2P °) ground state
with only a few percent in the metastable N2+(4P) state. Moreover, channels
involving N2+(4P) primary ions have similar energy defects to those for N?+(2PC)
ground state primary ions and are thus expected to have similar cross sections.
As a result our observed energy change spec',a for N2+ ions in H can be treated
as though the primary ion beam was entirely in the N2+(2PO) ground state.

The main reaction channels indicated by the vertical lines at AT - AE in
Fig. 2 are:-

N2+(ls 22s22p) 2P0 + H - N+(Is22s2p3)3D0 + H+ with AE = 4.55 eV and Rc 6 a.u.

- N+(Is 22s2p 3 )3pO + H+ with AE = 2.45 eV and Rc~ll.l a.u.

- N+(Is 22s2p 3 )lD° + H+ with AE = -1.89 eV
- N+(ls 22s22p3p)3 P + H+ with AE = -5.17 eV

A simple deconvolution technique (McCullough et al (2)) was used to determine
the relative contributions of these four main collision channels to the total N+
yi,*ld. Separate cross sections for capture into 3D, 3pO, '0 and 3P states of
N+ were obtained by reference to our measured total cross sections 021.

Figure 3 shows the state-selective cross sections and the measured total
cross section 021 together with the theoretical prediztion by Dalgarne et al (13)
using a molecular approach (Heil et al (14)). Theory predicts that capture into
N+(3DO) provides the main contribution to oai. For low impact energies L,; to
about 3 keV the agreement between theory and experiment is good. However, above
3 keV our measured values for the N+(3D0) product channel fall increasingly
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below theory. Other reaction channels not accounted for by theory are seen to
provide increasing contributions to the total cross section above about 3 keV.

0o2 (expJ

S 00 00 0

C 0" (theory)

1071

1Oloo

10 10 100

Energy lkeV)

FIGURE 3
Cross sections for electron capture by N

2
+ ions in H. Present data:

Open circles a2 1 total one electron capture cross sections. Solid
symbols cross sections for capture into states indicated. Theory:
cross sections for capture into N+(3DO) from reference (13).

3.2 Measurements for C
3+ 

and N
3
+ in H

Measurements for C
3+ 

ions in H have been carried out for impact energies in
the range 1.5-18 keV with an energy resolution of about 1.7 eV FWHM which is
almost a factor of 2 better than our previous measurements (2). Figure 4 shows
a comparison between the present and previous energy change spectrum for 15 keV
C
3+ 

in H, while the main features are in good agreement, the present measure-
ments show clear evidence of additional channels in the energy change region
below 2.15 eV previously attributed to a single collision channel involving
C
2
+(2s3p)

3
P
0 

production. As in our previous work the contribution to the
observed energy spectrum from channels involving undissociated H2 was negligible.
C
2 + 

product channels which may contribute to the observed energy change spectra
(see Fig. 4) are:-

(A) C
2
+(ls

2
2s3d)

1
0 - 0.02 eV

(B) C
2
+(Is

2
2s3d)

3
D + 0.78 eV with Rc 67.7 a.u.

(C) C
2
+(ls

2
2s3p)

3
pO + 2.05 eV with Rc 26.5 a.u.

(D) C
2
+(ls

2
2s3p)

1
P
° 
+ 2.15 eV with Rc 25.3 a.u.

(E) C
2
+(ls

2
2s3s)'S + 3.61 eV with Rc 15.1 a.u.

(F) C
2
+(ls

2
2s3s)

3
S + 4.72 eV with Rc 11.5 a.u.

(G) C
2
+(ls

2
2p

2
)IS + 11.63 eV with Rc 4.7 a.u.

(H) C
2
+(ls

2
2p

2
)'D + 16.17 eV with Rc 3.4 a.u.

A simple deconvolution technique (2) was used to obtain relative cross
sections for the resolvable channels. The separate contributions from G and H
were determined together with the combined contributions from E + F, C + D and
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FIGURE 4
Energy change spectra for one electron capture by 15 keV C3+ in
H using (a) position sensitive detector (b) particle multiplier
from McCullough et al (2).

A + E. The symmetry of the peak centred on 4.72 eV indicates that the contri-
bution from channel E is negligible. Cross sections for the formation of these
channels were then determined (as in our previous work) by reference to the
total one electron capture cross sections 032 calculated by Bienstock et al (15)
which agree well with experimental values over a wide range (see figure 5d).

Figure 5 shows the cross sections for channels F, G, H, (C + 0) and (A + B)
determined in this way. These can be seen to be in good agreement with our
previous experimental values (2). Within the limits of the combined experimental
uncertainties it can also be seen that, while there are some differences, there
is a reasonable overall degree of accord in the energy range of overlap with the
9-60 keVl cross sections measured recently by Ciric et al (5) using the PES
technique. In our data uncertainties associated with the dezonvolution
procedure are shown where significant. Ciric et al (5) estimate uncertainties
(not shown in figure 5) of approximately 303, due to systematic errors and
approximately 107. due to random errors for the major channels with larger
unspecified uncertainties for the minor channels.

Calculations by Bienstock et al (15) which are based on a full quantal quasi-
molecular description predict strong adiabatic coupling for the collision
channels F, G, C and H. Cross sections calculated for these channels are
included in figure 5. For channels F and G. our measured cross sections are in
good accord with the theoretical predictions but, beyond our energy limit, the
PES cross sections fall increasingly below the theoretical values.

Our cross sections for channels C + 0 can be seen to be in reasonable agree-
ment at the lower impact energies with the theoretical estimates for channel C
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FIGURE 5
Cross sections for one electron capture by C

+ 
ions in H leading to C-

+

in specified states (channel A-H in text). Experiment: Solid symbols
present results (4). Crosses, previous results (2). Open symbols PES
results (5). Half shaded symbols experimental total cross sections
, (see ret (2)). Theory from ref (15): Solid curves -,;, dashed

curves cross sections for capture into states indicated.

alone. This suggests that the contribution from channel D is small. This is

confirmed by the PES measurements which have a resolution high enough to
separate the contributions from C and D. lheir measurements show that below 12
keV the contribution from D is small, but becomes comparable with that from C at
higher energies. Nevertheless, the PES cross sections for C + D at the higher
impact energies can be seen to fall below the theoretical values for C alone.

In the case of N!+-H collisions we have obtained energy change spectra for

collision energies of 2.1-15 keV. The main peak corresponding to an energy
change of 6.4 eV accounts for 90' of the N

2 + 
at 2.1 keV and 62 at 15 keV. The

smaller peak at about 3.3 eV contributes about 3 of the N
+ 
yield at 2.1 keV

rising to about 16 at 15 keV. There are smaller contributions from numerous

unresolved channels.
The interpretation of the energy change spectra in this case is complicated

by the presence in the primary beam of an unknown fraction of metastable
N
2
+(1s

2
2s2p)

3
P as well as ground state N

2
+(ls

2
2s

2
)2S ions for which there are

numerous closely spaced collision channels. The main peak in the energy change
spectra can be correlated with the two unresolved channels:-

(A) Nc+(IS) + H(ls). N
2
+(Is

2
2s

2
3s)

2
S + H

+ 
with AE = 6.38 eV and Rc-

8
.5 a.u.

(B) N+(
3
P) + H(ls)- N

2
+(?s2p3d)'P

0  + H+ 
with AE = 6.48 eV and Rc-8.4 a.u.

Provided the cross sections for channels A and B (for which t'E differs by only
0.1 eV) do not differ greatly, we might expect the N

2 + 
yeild associated with

this peak to be approximately the same as if the N
3+ 

ions were entirely in the
ground state.
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The smaller peak at about 3.3 eV seems likely to contain a significant
contribution from the ground state primary ion channel.

(C) N3+('S) + H(ls) , N2+(2s 23p) 2p0 + H+ with AE = 3.35 eV and Rc 16.2 a.u.

but may also contain contributions from as many as eight channels involving
metastable 3p primary ions.

Quantal calculations for electron capture by N3+(lS) ground state ions carried
out by Bienstock et al (16) and by Gargaud and McCarroll (17) predict that
channel A should account for at least 94q of the total N2+ yield over the present
energy range. Our measurements, while confirming the dominance of channel A,
indicate that channel C (not accounted for by theory) and other minor channels
with energy defects in the range 8-22 eV, become increasingly important as the
energy is increased from 2.1 to 15 keV.

CONCLUSIONS

Translational energy spectroscopy together with a furnace target arrangement
has been successfully applied to state-selective studies of one electron cap-
ture processes for slow multiply charged ions in atomic hydrogen. Together with
the PES technique, detailed experimental checks on theory can now be carried out
to provide a better understonding of the nature of these processes. Work is now
in progress to extend these measurements to higher charge states and other
primary ion species of astrophysical and fusion interest.
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ELECTRON CAPTURE BY SLOW AND HIGHLY STRIPPED IODINE IONS FROM HELIUM ATOMS

Masahiro KIMURA

Department of Physics, Osaka University Toyonaka, Osaka 560, Japan

One-electron capture by very highly stripped iodine ions,
lq+(q=10-41) from He atoms have been investigated at the collision

energies of 0.75q - 2.25q keV. In contrast to low-q ions (q<10), the
total cross sections observed have shown no oscillatory behavior with
q, but increase monotonously with the increase of q. Population dis-
tributions among electron capturing states in product ions have been
also m!easured by trcnslational energy spectroscopy, and it was found
that the electrons are transferred into a few selective high Rydberg
states. These experimental results have been compared with the multi-
channel Landau-Zener (MCLZ) calculations.

1. INTRODUCTION

Final-state analysis has been one of the interesting and important
subjects in the study of tie electron capture by slow v<l a.u.) and highly
stripped ions from neutral atoms, and has been r-viewed recently by several
authors [1-31. So far we, the NICE group in IPP Nagoya, have measured
systematically final-state distributions by uoing energy spectroscopy as well
as total cross sections for one electron capture processes in the slow colli-
sions of highly stripped Cq+(3 q_6), Ng (4Sq7), oq+(5tqS8), Fq+(65q8),
Neq+(75q59), Sq+(q=ll,13) and Krq+(75qs25) with He atoms;

Aq
+ + B w A(q-l)+(n,l) + B + AE, (1)

where 3 is He atom, AE is the reaction energy, and n and I re the principal
and the azimuthal quantum numbers, respectively. The resul:s have been

published in a series of our previous papers[4-15[ and ieviewed by Ohtani in
XIII ICPEAC in Berlin together with related work made by other groups [1). The

main results obtained for the process (1) are summarized as follows.
1) When Aq

+ 
is highly stripped and q is less than 10, electron capture

processes show very similar behavior for the same charge state q irrespectively

of element species; for the same q-ions the electron is captured selectively
into the same single n-state. The total cross sections oscillate with q
particularly for low q-ions, and gradually increase with q. The classical one-
electron model [16] predicts almost satisfactorily the capturing levels and
explains the oscillatory behavior in the q-dependence of cross sections
qualitatively, but fails in reproducing the total cross sections and in
explaining the capture into more tha.i two n-states as observed when q>=9.

2) In the system Aq
+ 

+ B several potential curves of the product states
cross with that of the initial state. As for q10, the crossing ditance
leading to the observed final states, Rc, is limited to rather a ii.rrow region
called "reaction window" which is centered at around 3.5 R [11,171.

3) In the cases of partially but highly stripped Krq+(7sqi25), S
I I+ 

and
S
1
3+ ions, there always exist several crossings within the reaction window. The

window seems to shift toward larger Rc in collisions ot higher q-ions, and the
total cross section increases monotonously with the increase of q.
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in order to ,, better understanding of the process Il) over a wide range
of q we have then applied to those systems a simpler and more straightforward
method, wlhich is based on the multichannel Landau-Zener model and obtained
tairly good a greement with our measurements 1131. In the present work we exte id
our study to very highly stripped iodine ions to confirm the picture we have
hitherto obtained for the process (1). This is a measurement with the highest
primary charge states so far involved.

eXPERfIMENTAL PROCEDURES AND RESULTS

The ion source NICE-i employe< in the present study is of CBIS (Electro n
Seam -on Source) type. Successive Ionizations by strongly confined el-&on
beam of 2.4 keV produce highly stripped iodine ions. As shown in Fig.l, ions up
to 142+ are clearly observed. Target He gas wa- introduced into a cell of 2 cm
in length and the pressure insioe the cell was less than 1D)

2 
Pa. Total cross

sections for charge state q<=41 have been determined from the initial growth
rate of product ions. On the other hand, the energy ,ain spectra of the product
ions were recorded through a 127

0
-electrostatic energy analyzer for charge

state q<-38 in order to determine the final state disrihitions. Detailed
descriptions of these methods have been given in Refs. 10 mnd 1 .

The total cross sections were nearly independent of collision energies
studied, and the cross sections obtained at 1,25q keV arc shown :n Cig.6
together with data for KrqU ions. Though collision energy aid ,)nmc species are
dilferent between them, all the data are smoothly connected .- t:i each other,
and the total cross sections increase? monotonously with the i.: easc 2.
Some typical eneray gain spectra are shown in Fiqs. 3 and 4; tz!2 , ssiti on of
the mair peak shifts toward large Rc with the increase of q.

I q+ Spectrum

x 1/10

30 jq,10

35

40 25 1
42\,I 

Lj

2 3 4 6 8 12 14 F m/q

Fig.l Charge state distribution of 1q, ions 1roduced In NICE-]
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3. MULTICHANNEL LANDAU-ZENER (MCLZ) MODEL

As stated in Section 1 potential curves of several final channels cross
with the initial channel. If we assume Coulomb interaction only in the prodict
channels, the crossing distance R. of the potential curves is expressed by

Rc(A)=l4.4(q-l )/AE(eV). (2)

Here AE is the difference between the ionization potentials of the excited
product A(q

-
l)+ ion and that of the B atom; different excited states of

A(q-l)+(n,l) correspond to different Rc values. At these curve crossings strong
coupling occurs, leading to the electron transfer.

When the cross section is calculated according to the Landau-Zener model,
the important problem is to estimate the coupling matrix element i112 at the Rc.
Analytical forms of H12 for one-electron capture pronesses by multicharged ions
were proposed by several authors. After some trials, we have found that H1 2,
derived by Olson and Salop[18I shows a good agreement with a series of our
previous measurements after reducing their expression by 40%. Thus the
expression we adopted in the present calculation is

H1 2 =0.6 x 9.l3g-l/2exp(-l.324og-i/2Rc), (all in a.u.) (3)

where c=(2It)]/
2 

aid It is the ionization potential of the target atom.
As far as a single potential curve crossing is concerned, the Landau-Zener

cross section is fairly large only when the coupling matrix element H1 2 has a
suitable value, i.e. neither too large nor too small value. As seen In Eq.(3),
the H1 2 is sharply dependent on Rc/ql/

2
. Therefore, when the charge state q

becomes higher, the reaction proceeds with a large probability even at large

internuclear distance. This is consistent with the trend found in our observa-
tlions that for higher-g ions the favorable crossing distance shifts toward a
larger value. Since the H 1 2 depends very sensitively on Rc, the reaction

proceeds through crossings located only in a rather narrow and restricted
region; this situation leads to the existence of the reaction window. It should
be noted, however, that such a reaction window has a definite meaning for

collision systems with the similar q and the similar collision velocity. Having
determined the coupling matrix element H 12 at the crossing, one cal calculate

transition probability and then the partial cross section of a specified exit
channel A(q-l)+(n,l)+He+. The general expression of the probability for a
particular product ionic level when there are N possible reaction channels is
given by Salop and Olson [19), assuming that the interference effect between
the possible exit channels can be neglected. In the following sections, we
calculate individual cross sections according to the multichannel Landau-Zener
(MCLZ) model and compare them with the experimental results.

4. HIGHLY STRIPPED IONS OF CN,O,F AND Ne

In Fig.2 are compared one-electron capture cross sections measured pre-
viously with MCLZ calculations for ions with relatively small atomic number as
a function of crossing distance Rc[

1 3
]. For the widely split distribution of

the capturing levels in the observed spectra, the cross sections are divided
according to the observed peak intensity in the energy-gain AE spectra, and
only data for stronger peaks are shown. The two dotted curves represent nRc

2 
and

1/2mRc2 , classical cross section. Most cross sections are less than I/2TRc
2

because there exist no crossings very near to the center of the reaction window.
In cases where several 1 states in a single n-state are degenerate as for H-like
products, n level-crossings have been assumed in our MCLZ calculations. As seen,
the agreement between our measured data and calculations is satisfactory except
for q=4 and q=6 ions,which have the crossings at the left wing of the reaction
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, I '1 r 1 I 
-  T

I

alc / Fig.2
30 / / One-electron capture

5 f,' cross sections versus
crossing distance Rc in

0* F Aq-++je collisions at the

V T; Ne energy of 600 eV/amu.
C-20 , , Experimental data in

S20Ref.5 (open symbols) are

7 I compared with the MCLZ
: itcalculations (black

a, 5symbols). Projectile

charge q is written

$0 ,beside the symbols. The
0 Iupper and lower broken/ 

lines represent IRc2

I I and i/2TR2, respectively.

0 1 2 3 4 5 6 7
Rc(A)

window. In such small distances our simple assumption on the potential curves
does not hold any more and also the scaled coupling matrix element H1 2 becomes
inaccurate.

Another technique, photon spectroscopy, is also used to investigate the
final-state analysis by de Heer and coworkers [20] for the collisions of highly
stripped C, N, 0 and Ne ions with He. Their observations are consistent with
ours.

5. IONS IN VERY HIGH CHARGE STATE: KrqP(7qj25) A;D Ilq+(l0iqj41)

We have no accurate knowledge about the energy levels of Kr
(
q-l)+ and

1 (q-l)+ observed in the present study. However, quite a large number of product

channels should cross with the initial channel. Thus we make a further assump-
tion; these ions have the hydrogen-like energy levels. This seems to be reason-

able because an electron is captured predominantly into high Rydberg states for
very hiqh q-ions. Then they are assumed to have ionization potentials of
13.6q

2
/n*

2 
(eV), where n* is the effective principal quantum number. For

simplicity we assume that each n*-state consist of n* sublevels, and that the
coupling with the initial state is given by the expression (3). In Fig.3(a) are
shown, as a typical example, the relevant potential curves and the observed
translational energy spectrum of 129+ ions produced in 130+ + He collision. For
comparison is also shown in (0) the predicted spectrum, which was obtained from
the convolution of the n-distributions calculated by usina MCLZ model. It is
noted here that states with the crossing distance Rc in the interval from 5 to

10 X are populated; this Rc interval corresponds to n*=lO-14, and the window is
far outside of those seen in collisions of ions with lower charge state q<0l.
The MCLZ can well reproduce the spectrum except for the observed small peak at

the wing of higher energy gain. The latter peak is perhaps due to the transfer
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ionization, i.e. the collisional Auger process after double electrol, capture
from He atom. Such a process is always observeJ when q is large enough and the
targets are multielectron atoms [21].

i 3 0 +He - 129+

o) primary

4

87 product

b) MCLZ

Fig.3

(a) Translational energy 0
spectrum of 129+ and potential 15
energy curves in the I30++He ,T -10

system. The energy curves - '0
corresponding to double electron W
capture processes are shown by 8
dotted curves. (b) Energy spectrum
(solid curve) convoluted from the 8" 7

calculated partial cross sections na

(broken curves).

In Fig.4 are shown the observed(a) and calculated(b) translational energy
spectra for q=15, 25 and 35. The quantity AE/(q-l), where AE (in eV) is the
energy gain observed at the main peak, becomes small when q increases. This
means that the crossing distance Rc=14.4(q-l)/AE becomes large with the
increase of q, reflecting that the coupling H1 2 is still strong enough for
higher q even at larger internuclear distances. The relative shapes of the MCLZ
spectra obtained by the same procedure as for the case of q=30 are again in
satLifactory agreement with the present observations.
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1q+ +He I

primary product

a) b

115+ I s

15 9 7 nl

'Al

10 10

Fig.4 Translational energy spectra of 1(q-
I
)+ ions An the

lq++He systems at the collision energy of 1.25q keV are

compared to the MCLZ predictions for a)q=15, b)q=25 and c)q=35.

(n-distributions}
From the peak positions in energy gain spectra we have determined the

capturing level n* through

PiF1 3 .Oq
2
/n*

2
-I1, (4)

where It is the ionization potential of target atom, On the other hand, the

MCLZ calculation gives the n*-distribution; from this distribution we have also
determined the weighted average of the capturing level n*, which is compared
with the experimental n* in Fig.5. According to the classical model, the most
probably populated final state energy level -hould asymptotically show
0.885q

3/4 
dependence for the He-target when q is very large[2]. Both our

observations and calculations for n*-distributions seem to follow this scaling.
(Total cross sections)

Measured and calculated total cross sections for one-electron capture are
shown in Fig.6 together with the data for Krq

+
. They agree well with the scaled

form of ql.17, which was derived by M6ller and Salzborn [22J and shown in
broken straight line. The MCLZ somewhat overestimates the cross sections for

higher q ions; this is caused probably by the present simple assumptions.
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A t H, -- A(q - )+(n  
F ig. 5
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( quantum number n* of

the electron capturing
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q. 0, experimental

- and X, calculated
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:Kr collisions. 0, Krq++He
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+

3- X MCLZ(cclc.) Neq++He [6,8,10
.1d lii collisions.
The broken line
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Observed and calcu-
o lated total one-

,, electron capture cross
O ,sections as a function- O a of charge q in lq

+ 
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10- Krq++He collisions.

0 NICE, in Iq++He at the
In a 0 energy of 1.25q keY;

Kr: NICE +, the MCLZ calcula-
o D Kr: Kusakabe et at tion; --- , empirical

A Kr:Cocke etal. formula [22). Symbols*
v Kr: Justiniano et al. 12, A [231, V[24] and

+[251 show Krq++He+ I : MCLZda.
data.
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6. CONCLUSIONS

In the present work we nave investigated one-electron capture processes in
slow collisions of very highly charged ions with He atoms. The measured total
cross sections and the distributions over the excited energy states of product
ions have been compared with the calculations of the multichannel Landau-Zener
(MCLZ) model. It is found that the present MCLZ calculation reproduces the
observations fairly well in spite of its simplicity and rather crude
assumptions. Both total cross sections and dominantly populated ionic levels
can be well fitted by simple scaling expressions as a function of the initial
charge q. These conclusions should be applicable if the pro3ectiles are highly
charged ions of any elements. When H-atoms are used as target, however, the
cross secuions will become larger than the corresponding ones with He target
owing to the lower ionization potential of H than He.
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EXPANDING OVERCOULEO LASER PLASMA AS A PROMISING MEDIUM FOR ATOMIC

COLLISION STUDIES
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A. F. Ioffe Physico-technical Institute, Academy of Sciences of the USSR,
Leningrad 194021, USSR

I. INTRODUCTION

The advent of high power lasers has initiated a new branch of modern
physics, namely, the physics of the laser-produced plasma. By focussing
pulsed laser radiation onto tile surface of a solid one succeeds in creating
power densities in the range OUlU-11iw/cn 2 

which corresponds to an energy

release for target atons considerably in excess of the ionization potential.
Under these conditions a hot high density plasma possessing unique properties
is formed at the target surface.

The laser-produced plasiia (LPP) has becolne a subject of numerous theore-
tical and experimental studies.

A strong impetus to LPP studies nas been given priinarily by the inertial
fusion program, more specifically by the development and production of pulsed
high-power laser systems for the heating and confinement of fusion targets (1).

Present-day machines for the experimental investigation of LPPs operate
over a wide range of major parameters, such as laser frequency, laser pulse
duration, and power density focussed onto the target. The plasma is produced
by the radiation at the fundamental frequency or its harmonics of pulsed Nd
lasers (wavelength X = 1.06 pin), CD2 lasers (x = 10.3 pi), and iodine lasers
(X = 1.3 mm). Such machines are capable of producing radiation in pulses with
a duration T rgnging from 10-11 to 10-7 s and a power density
q - I0 - 101 W/cm 2 when focussed onto a spot with diameter d - 10 - 1004,m.

High temperature plasma with a density on the order or that of a solid
persists during the action of the laser pulse. During this stage of its exis-
tence the LPP is an intense source of multicharged ions and emission in the
X-ray, soft X-ray and VUV regions (2,3,4).

The heating stage is followd by the expansion of the LPP in vacuum driven
by gas kinetic pressure. This stage produces favorable conditions for stimu-
lated emission in the X-ray and VUV regions (5,6,7,8,9).

In the present report we are going to confine ourselves to discussing a
limited range of problems related to the possibility of using LPPs in atomic
collision experiments.

2. PARAM4ETERS OF tHE LPP EXPANDING IN VACUUM

Consider the major stages in the expansion in vacuum of a plasma produced
on the surface of a solid by laser radiation of moderate characteristics:
q - 1010 - 1014 W/cm2 , 1 - I - 100 ns, d - 10 - 500 pro. We have at present a
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satisfactory consistent picture of the physical processes and phenomena con-
trolling the behavior of such an LPP in different stages of its evolution.

One Indy conveniently isolate triree stages in the evolution of an LPP as it
expands in vacuum. The first stage, or the hot core includes the formation of
the plasma and its development during the laser pulse; the coruna where the

various relaxation processes occur after the termination of the laser pulse

witn co'.1paraole rates; and, fi.ally, the distant zone where the plasma cloud

expands freely.
The hot core is formed and exists during the action of the laser pulse

(r). In the initial stage of the radiation interaction with matter a
nigh-frequency breakdown of the target vapor occurs producing a plasma at the
target surface. The heating radiation is strongly absorbed by the plasma

electrons via the inverse Breinsstrahlung effect in the region of critical

electron density Nec where the frequency of Langmuir oscillations is close to

that of the laser emission (for the Nd laser frequency, Nec = 1021 cn "3 , for
C02 laser Nec - 1019 cm

- 3
). The energy absorbed in timie penetrates into the

target tu a depto on the order of the focal spot d by electronic heat conduction.
The hot core plasma of size R. - d is characterized by a high electron and ion

density Ne - i - 1021 - 1022 c1
-3 , 

nigh temperature Te - I keV, and high nean
ionic charge 2 >> 1.

While the processes of ionization and excitation responsible for the ion
composition of the LPP core depend essentially on the incident radiation wave-
length, target material and power density, the overall features of the plasma

core formation remain largely the same within a broad range of initial condi-

tions.
In the hot core region the plasma is overheated with the ionization not in

equilibrium since the rates of excitation and ionization exceed by far those
of the recoinbination processes.

Internal gas kinetic pressure and electrostatic acceleration drive the
plasma to expand in vacuum with the result that the electron density drops
drdmnatically, the thermal energy of the electrons becoming converted into the
translational energy of the plasma cloud. In the corona region, at a distance
of R_ frow the target (Rc >> Ro), the plasma is transparent to the laser
radiation, with recombination processes pla ing the major role. The corona
plasima has a nigh particle density, Ne - 100 _ 1019 c1113, and a comparatively
low temperature, Te - 100 - 10 eV. The plasma corona region is studied

intensively both from the standpoint of diagnostics of the fusion target heat-
ing and compression and with a view of attaining stimulated emission on
transitions of multicharged ions.

The relaxation processes in a rapidly expanding plasma differ essentially

in behavior from those in the quasisteady state. One of the effects specific
for the LPP is the freezing of the ionization state of expanding plasma. This

phenomenon manifests itself in an anomalously high content of multicharged
ions observed in the plasma at large distances from the target (R >> Rc). The

freezing originates from the fact that part of the ions undergoing collective
acceleration in the hot core pass through the region of intense relaxation
processes in the corona too fast for a noticeable recombination to occur.
Tnis conclusion is reinforced by numerous experiments which revealed strong
fluxes of multichargeJ ions of the target material at distances R > I in from

the target.
The distdmt zone of LPP expansion covering the distances from the target

Rc << R > 1 cm has not until recently attracted much interest on the part of
experiments. Estimates suggest that in this region of space the expanding LPP
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should have a low temperature, Te < I eV, density Ne 1011 - 1013 cm
-3

, and a
comparatively high concentration of ions of different ionization state. Spec-

troscopic studies (10) have confirmed the idea that the LPP reaches the dis-

tant zone in a highly ionized state far from recombination equilibrium. The
major relaxation process here is three-particle recombination of ions with
slow electrons. This results in a heating of the electron component which

reduces the recombination rate, and in decreasing ionization state of the

expanding plasma.
In our opinion, this combination of parameters inakes the LPP in the distant

zone a promising tool for beam-plasmiuu experiments aimed at studying the funda-
mental processes of electron and photon interaction with nulticharged ions.

3. STUDIES OF LPP IN THE DISTANT ZONE

Tne available information on the physiral processes occurring in the distant
zone of LPP expansion draws upon experimental data on the energy and charge
state spectra of ions at large distances from the target (R > I m) obtained by
time-of-flight mass spectrometry, as well as on theoretical calculations per-

formeu to simulate the experimentally measured spectra.
In some studies (11-14) the plasma was produced with a Nd laser with pulses
1 10 - 30 ns long, focussed power density q - 1010 - 1013 W/cmn

2 
and spot dia-

meter d 100 - 150 pn. In other experiments (15-18) pulsed CO2 laser radia-
tion was used with 100 ns, power density q -

10
0 - 1012 W/cm

2 
and spot

diameter d - 150 - 1000 pn. Depite the marked differences in the experi-

mentai conditions, trie major qualitative features in the behavior of the ion
Co '--9 f -- tc'". t e b

1. The anguiar distribution of the ions is symmetric with respect to the

normal to the target plane. For a fixed value of 4 the ion expansion cone
angle decreases with increasing charge Z becoming 20 - 3U for Z z 4

1
max

(Fig. 1).

0t
60

150

/31 4140 9

FIGURE 1

Anjular distribution of Al ions with different Z for q - 3 x 1)13 W/cm
2

(Nd laser).
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2. The maximun charge state of the LPP ions was universally observed to grow
with increasing q. Figs. 2 and 3 display the experimental and theoretical
values of power density at which ions of given charge state appear for targets

of carbon and tungsten.
The observed features are usually explained in the context of the coronal

model of ionization equilibrium which can obtain in the core at Te - 1UO e4.
The theoretical estimates of the threshold values of q presented in Fig. 3

were derived for the case of coronal equilibriLn taking iFLu account dielec-
tronic recombination.

3. Another comino feature of the expandingj LPPs is the shape of the ion

energy spectra. Fig. 4 shows a typical energy spectrum of cobalt ions moving
perpendicular to the target plane. All energy spectra reveal a jrowtn of ,aean

ion energy with increasing charge state and a dramatic drop in the number of

14
?3
"S

/Q0V 40H q1 , cm2

FIGURE 2

Total number of C ions (Z=1-5) vs. q for Nd laser

q IN

40413 0A .

404012',

40 040 13

5 10 15 20 7 3 1 5 20 25 O 5 ,Kev

FIGURE 3 FIGURE 4

Threshold calue of q vs. Z for W. Co ion energy distribution or Z rom
I: calculation including dielectronic 1 to 25. Nd laser, q -r cml.
recombination; II: coronal model cal-
culation; 0: experiment with Nd laser.
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ions with increasing Z. For tile Nd laser the ratio of highly- to low-charged

ions varies within 10
-2 

- 10
-5

, a typical relation being shown in Fig. 5 in an

example of cobalt ions (12). For the C02 laser the fraction of highly charged
ions is somewhat greater, 10 to 1I-

2.

Such a shape of the energy spectrum is accounted for in the context of tne
hydrodynanic model of accleration by recombination in the course of plasma
expansion (19). The ions at the front of the plasna cloud are accelerated

iost efficiently and travel with the highest velocities which favors efficient

freezing. Un tie other hand, tile ions that were initially in the interior of

the plasma are acclerated to a much lessor eetent, reside for a longer tine

witniii the hot core and recoabi ne at a hi -her rate. In the context of this
model, the highly charged ions observed in the distant zone were initially of
dooinant charge state, propagated at the front of the plasmria cloud and escaped
practically without recombination. Tie hydrodynalic model of plasma cloud
expansion including possible mechanisms ot recomnbination in tne not core (2U)
was used to evaluate tile corresponding number of highly charged iois (21).

Experimental data were shown to be in a good agreement Aith the calculations

taking into account dielectronic recoinbination in the hot core and corona as

well as photo- and three-particle recombination.
Studies of the energy and charge state spectra of the LPP ions at large

distances from the target were analyzed (21-25) assuming three-particle reco i-
bindtion to be predominant in the relaxation kinetics of the plas;na in the

distanL zure. Three-particle recombination of a highly ionized plasma con-
sists in the ion's capturing a free electron, the corresponding binding energy

Deing ipdrted to another free electron. The mean change of tie electron

energy in a three-body collision is comparable with the electron teinperatire

dN
d SI

10 2

40

5 40 15 20

F lhldKL 5

Co ion distribution in charge state Z. Nd laser, q 1013 W/cm
2

.
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(see Fiy. 6). After capturing an electron in a low temperature plasma the ion
will transfer to a nig.sly excited state with the principal quantum numnber n,

its binding energy )einj cooiparable with Te(E n - Te). The lifetime of the
excited ion is controlled by two processes, namely, radiative decay and
inelastic scattering of free electrons from the excited ion. Since the proba-

bilicies of these processes depend in an essentially different way on n, the
recoinbination over levels with different n can be conveniently analyzed by
introducing a certain value no such that for n > no collisions with electrons
wilI play a predominant role in the decay of hignly excited states, while for
n < no states should decay radiatively. The value of n0 is usually evaluated
by the expression (26)

n Ne 2R
y

where L is the ionic charge, Ne and Te are the electron density and tempera-
ture, accordingly. As follows from Eq. (1), in a low te;nperature plasma
(T e  I eV, Ne  U

1
0- 1d

13 
c.

-3
) no > 10 Z.

I r (eV)

n.t

I ILJ

FIGURE 6

Scheitic diagran of three-particle recombination.
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The transfer of electrons ove- excited ion states may be considered (2?) as
diffusion in a quantum number space. Solving the problem of electron flow
towards negative energies yields the followinj expression for tile three-particle
recombination coefficient a:

4,i/2r e z3A(2

Ne  g 1/2 (Te) 9/2 (2)

where A = In Z2 + 1, 1 is the ionic charge in is the electron mass, Te is the

electron temperature. As a result of a strong temperature dependence, this
recombination ;.iechanisin in a cooling expanding plasma becomes predominant and
reinains essential throughout the expansion stage, thereby governing, in parti-
cular, the charge state composition of LPP in tile distant zone. The LPP
temperature in the distant zone, in its turn, should depend markedly on the
neating involved in recombination. Therefore the theoretically calcJlated
cnarge state spectra of the LPP should depend substantially on the correct
inclusion of the recombination heating. The energy E* transferred to plasma
ele,'trons in each recombination event may be calculated by tile expression (25)

E* = 1.b • 10-
14 

. Z2
/ 3 

• Nel/6 • Te
1
1
12  

(3)

Eq. (3) was derived assuming a gradual electron transfer down the excited
states which does not take into account transitions to deep levels. This
results in an overevaluation of the heating. Inclusion of transitions to all
levels in accordance with the cascade decay matrix of an excited state with a
given n yields the following expression for E* (28):

E* = 10-22 . 4e Z-2 /3 . [e
-  

(4)

To compare calculations by Eq. (4) with observations, energy and charge
state spectra of LPP ions in the distant zone were calculated in the hydro-
dynamic approximation for the typical experimental conditions (1,29,30). One
or the studies (29) involved a plasma produced by heating with a CO2 laser
beamn of supersonic gas jets with a thickness about equal to the focal spot
diameter d - I rnn. Fig. 7 presents the calculations (28) and collector
current measurements performed at a distance of 325 cm from the target (29) as
a plot of mean plasoa ion charge vs. expansion velocity. The width of the
shaded bands reflects the dependence of the numerical solution on the choice
of initial experioental conditions. The best fit was found when using Eq. (4)

for the recombination heating.
Similar data are displayed in Fig. 8 for spherical targets heated by a Nd

laser in the conditions typical for the Kalmar machine (1,30) with polystyrene
targets. The plasma temperature in these experiments was 0.5 keV + 20%. The

LPP charge state composition was studied with an electrostatic mass spectro-
meter, the time-of-flight base being 3 in. In the calculations, the charge

state of the carbon ions in the initial stage of expansion was varied from 5
to 6, and the initial temperature in the hot core, fromn 0.4 to 0.6 keV.

As seen in Figs. 7 and 8, evaluation of the recombination heating by Eq. (4)
yields a satisfactory agreement with experiment.

The first direct measurements of LPP parameters in the distant zone were
carried out spectroscopically (10). Direct and reliable determination of tile
major paramneters and radiative characteristics of the LPP in this zone is a

necessary prerequisite when preparing a collision experiment.
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Mean ion charge state Z for nitrogen
target vs. ion velocity. I-calculation FIGURE 8
by Eq. (3); II-calculation by Eq. (4);
II-experiment (29). Mean charge state Z for carbon ions.

I-calculation by Eq. (3); Il-calculation
by Eq. (4); Ill-experiment (1,30).

A study was made (10) of VUV emission from a laser-produced beryllium
plasma far from the target (R > I cm). This study provided a means for
developing VUV spectroscopy of plasmas in the spatial region which is still
little explored by experimentalists.

The VUV emission spectra of the LPP were investigated on an installation
shown schematically in Fig. 9. The radiation of a Nd laser was focussed ontoa plane Be target in a vacuum chamber. At a laser pulse energy Q = 10 - 50 Jand pulse duration of 50 ns the power density in the focal spot on the target
was q _ 112 - 1013 W/ciq2. The pressure in the chamber did not exceed
2 x 10-6 am Hg. The geometry of plasma expansion in the vacuum chamber wascontrolled by a collimator system which defined a clear boundary of the plasma
cloud and determined the expansion angle (450) in the horizontal plane. The
ion density in the plasma was measured by means of two adjustable collectors
set at different distances from the target.

The emission spectra of the LPP were measured at distances R, = 5 cm,
R2 = 10 cm, and R3 = 20 cm from the target with an axial spatial resolutionnot worse than 4%. The most detailed spectra were obtained at R, and R2,
while the strongest lines could be reliably detected at R3 as well. Within
the range R = 5 - 10 cm the pattern of the spectrum was found to be prac-tically independent of R, the relative line intensities remaining within the
measurement precision (30%).

Fig. 10 presents a 25-80 nm plasma emission spectrum typical for the region
R = 5 - 10 cm. The spectrum contains singlet and trinlet lines of helium-like
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FIGURE 9

Schematic of experimental installation (10). 1. LLP expansion chamber;

2. Target; 3. Plasma collimators; 4. Ion collectors; 5. Ion trap; 6.
Monocnromator; 7. Soft X-ray monitor; 8. Diffraction grating; 9. Aperture

diapnragii; 10. Screen; 11. Radiation trap; 12, 14. SEM's; 13. Exit slit;

15. Diaphragm with filter; 16. Entrance slit; 17, 18. Screens against

scattered ions; 19. Monochromator entrance slit; 20. Pumping.

I -~

Be III c

Beiv, b

30 40 50 60 70 s0 ,

FIGURE 10

LLP emission spectrum in the distant zone for Be plasma.

6e IV, a - n 2 transitions (n = 3 - 7)
Be IV, b - n 3 transitions (n = 5 - 8)

Be III, a - nd
3
D 2p

3
p transitions (n = 3 - 7)

Be III, b - ndiD 2p
1
P transitions (n = 3 - 5)

Be III, c - np
3
p 2s

3
S transitions (n = 3,4,6,7).

Be ions (Be III) produced in transitions between the levels with n = 3 - 7 and

n = 2, and lines of the hydrogen-like Be ions (Be IV) corresponding to the

hydrogen series n - 2 (n = 3 - 7) and n - 3 (n = 4 - 6). Since within the
measurement accuracy (30%) the relative intensities do not depend on R, te



488 S. V. Bobashev and L.A. Shmaenok

spectrum and Tables I and 2 contain values for the ions Be3 + 
and Be

2 " 
averaged

over the region 5-10 cm and normalized to the intensity of the strongest like

of the corresponding ions.
The plasma ion density in the region of interest was measured by means of

ion collectors permitting separation of the ionic and electronic components of
the plasma. The time resolved collector measurements revealed that in the
region R=5-10 cm the peak densities vary within i012 - 1013 cm

- 3
.

A series of control experiments demonstrated thdt the detected emission
does indeed appear in the plasma and is not connected with the excitation
involved in the scattering of plasma ions from the walls of the installation

or in the interaction of these ions with residual gas.
The relative intensities Inn were used to calculate the population of the

Be
3+ 

excited states with principal quantum numbers n = 3 - 7. In these calcu-
lations the available radiative transition probabilities for hydrogen-like

ions were employed (26). The relative populations Nn/N 3 for Be
3+ 

are
presented in Table 3 whence it is seen that they differ strongly from
Boltzmann's values for Te 4 1 eV.

To evaluate the mean excited ion density in the region of observation,
absolute intensities J (cm

-3 
s
-
1) of the strongest Be

2+ 
and Be

3
+ lines were

measured as functions of R. The results are shown in Table 4, the absolute

values of J being estimated by us to within a factor of five.

TABLE 2

8e HI rn n'
Sronsit( on Or.u hm

TABLE 1 ?p - - 3d' o 100 67,5

2p - 4d 2 509
Be IV T.' 2p - 5d 28 45,7

transLton org.u. nm ?p - 6d 48 43,4
2 -3 ?00 410 2p - 7d 8 ? o
e-4 23 303 PP 5 - 3p3p°  39 58.?

2- 5 A 27.f 25 - 4p 22 45,1
1-6 15 25.6 ?S - 6p /1 38 8

2 -7 /1 24. 8 25 - 7p 8 37 7
3- 5 8 80. 2p p°- 3S'S 13 72.5

3 -6 16 68,3 2p' P*- 3dD 20 74. 6

3 -7 8 62. 7 ?p - kd 6 54.6

3 -8 3 59. 6 2p - 5d 6 48,9
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TABLE 3 TABLE 4

n Nn, N3  R J, CM' 54

exoer heor cm SeM, ?p p -3d3 D Be IV, 2-3
3 1 10 5 13. 1019 5 1 0"'8

4 18 22 10 ( 1"10 1 5 .W0'7
5 3.1 43 ?0 /, to0f5 202 10"
6 80 7 6

7 140i 13-

The analysis of the experimental data consisted primarily in considering

the fundamental atomic processes which, in principle could roduce in an LPP

at sufficiently large distances from the target, excited 6e
2+ 

and Be
3+ 

ions

witn populations differing essentially from the Boltzmann distribution. These

processes included three-particle and photorecombination and ion-ion colli-

sions. The absence of any contribution from the latter processes in the
distant zone becomes evident from an evaluation of the maximum energy of

interaction Eii between two ions, one of which escaping from the acceleration

zone near the target (R. - 100 on) and trailing behind the other by the time
of the laser pulse duration u overtakes it at a distance R. At the velocities

v and laser pulse duration - typical for the experiment (v - 107 cm/s,
R - 10 cm, " - 10

-7 
s), Eli does not exceed a few eV which is far from being

sufficient to produce excitation of the Be ions in inelastic collisions.

Turning now to a discussion of the recombination processes, we note that
the rate of radiative recombination becomes noticeably less than that of

three-particle recombination for Te - 10-14 ZNe (6) which in our conditions is
equivalent to Te - 0.5 eV. It is also known (26) that photorecombination

occurs predominantly to the ground state, its rate dropping drastically with
increasing principal qjantum number n, which does not agree with the experi-
mentally observed growth of population with increasing n (see Table 3).

Assu.ning three particle recombination to provide a major contribution to

the observed plasma spectrum, we have calculated the populations of Be
3

excited states by the expression

Nn = IcWn'IC(no,n) , (5)

where Wn is the radiative decay probability of a level with principal quantum
number n, C(no, n) is the element of the cascade matrix equal to the total
relative probability of radiative decay from level no to level n (no > n), and

Ic = a NzNe
2 

is the rate of three-particle recombination for an ion of charge

Z with the formation of an ion of charge Z-1, NZ is the density of ions of

charge Z, Ne is the electron density.
The calculations have revealed that variation of n. from 15 to no * -does

not produce any noticeable effect on the relative populations, the calculated

values of Nn in Table 3 having been obtained for no * -. The good agreement
between the calculated and measured values of Nn argues for the assumption of



490 S. V Bobashep and L.A. Shmaenok

the detected emission resulting from three-particle recombination via highly

excited levels.
The absolute measurements of the LPP emission intensity (Table 4) offered a

possibility to evaluate the electron temperature Te in the region of the glow

due to a favorable relation between Te and the three-particle recombination

rate in Eq. (2). It was found that in the plasma expansion zone in question,
T
e decreases by about a factor 1.5 within R = 5 - 10 cm and constitutes

Te = (0.1 ± 0.05) eV. We believe the slow falloff of Te accompanying the

substantial increase of LPP volume to be due to the recombination heating of

the electron gas.
Estimates show the beryllium plasma with such a temperature and density

Ne - 10
13 

cm
"3 

to be weakly nonideal (6) which validates our use of Eq. (2).
The totality of the above experimental and calculated data implies that the

LPP in the distant zone is dominanted by one fundamental collisional process

only, namely, the three-particle recombination with electrons. This process
governs completely the radiative characteristics of the LPP in the distant
zone and the evaluation of its charge state composition.

4. CONCLUSION

The unique properties of the LPP are used intensively in atomic collision
studies. The fundamental collision processes involving multicharged ions in

dense layers of LPP are investigated spectroscopically due to the high inten-
sity of emission typical for the LPP in the earlier stages of its evolution (31).

The LPP is employed also as a source of multicharged ions in charge

exchange experiments (32,33,36).

Experiments on the photoionization of the He atom from short lived excited
states (34,35) made use of the fact that the LPP produced on the surface of a
high Z target enits strong VUV continuum.

A possibilility was demonstrated (36) to employ the LPP as a VUV source in

photoabsorption studies.

Our review was aimed at focusing attention on the properties of LPP in the
distant zone of expansion, i.e., at distances R > 1 cm from the target.

According to the available experimental and theoretical data, in this region

the plas:na is characterized by an electron temperature Te - 0.1 eV, a

nigh mean charge Z, electron and ion densities Ne ZNi _ 1013 - 1014 cm
"3
.

The only fundamental process occurring here with a noticeable rate is

three-particle recombination of slow electrons and ions via highly excited
states.

The plasma in the distant zone may be considered as a promising medium for
studies of fundamental collision processes involving multicharged ions. In

tnis region the plasma contains a noticeable density of multicharged ions

which can be reliably detected by spectroscopic means.
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Ionization processes are investigated in Na and Ba vapors of density
no , 1013 cm-

3, excited by c.w. or pulsed laser sources. In the resonantly
excTted vapor, collisional ionization of excited atoms is a dominant type
of process, which is unambiguously observed using electron spectrometry. The
results also demonstrate the importance of collisional energy transfer
between electrons and excited atoms. In Na vapor laser-excited off-resonance,
Na2 dimers are responsible for the ionization observed : multiphoton ioniza-
tion and alternative processes are supported by the results of, respectively,
a short pulse and a long pulse experiment.

INTRODUCTION

The study of the ionization processes which take place in a laser-excited
metallic vapor (or an effusive medium) has expanded within the past few years
into a wide domain of investigation. Numerous ion measurements in Li, Na
/ 1-6 /, K, Rb, Cs / 3, 7 /, Ca, Sr / 8 / and Ba / 9, 10 / vapors, and a few
electron measurements in Na and Ba vapors / 11, 12 /, excited by discharge
lamp, c.w. or pulsed laser light have been reported previously.

For a resonant, c.w. or pulsed excitation of the vapor, that is a laser liaht
tuned to a particular ground-excited state atomic transition, it has been
demonstrated throuoh the different experiments that two ionization reuimes 1)
in high density vapor (no > 1014 cm- 3 ), and 2) in low density vapor (no < 1013
cm- 3 ), should be considered :

1) In high density vapor, high fractional ionization (10 % to 100 %) occurs
within short time periods (, 1 ps) as the result of sequential processes / 1,
2, 8-10 / : i) a seeding process produces the first free electrons in the
medium ; ii) the free electrons are "heated" by collisional energy transfer
from the excited atoms (superelastic collisions) / 13, 14 / ; iii) the "hot"
electrons initiate the electron-impact ionization of the vapor which combines
with step ii) to give rise to a cascade regime of ionization.

2) In low density vapor, or effusive beam (no < 1013 cm-3 ), ionization
occurs mainly in atom-atom collisions : either associative ionization during
the collision of an excited atom with a ground or excited state atom, e.g. in
Na and Rb / 3, 15, 16 / (the energy of the colliding system may be inferior
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or superior to the dissociative ionization threshold), or non associative (for
simplicity, "Penning") ionization during the collision of two excited atoms,
e.g. in Na / 11, 12, 17 / Rb / 7 / and Ba / 10, 12 /, is dominant in the
medium.

Photoionization of excited atoms becomes a major process for laser intensi-
ties larger than 106 W.cm-2 .

Apart from the optical excitation (by laser or via further radiative 'lecay)
which produces the main population of excited atoms in one particular "opti-
cally-excited" state, energy pooling collisions of two "optically-excited"
atoms can populate highly excited states / 18, 19 /, and the atoms in such
highly excited states may be further involved in the ionization mechanisms. The
important role of energy pooling collisions as an intermediate step in the
observed ionization has been outlined in Na and Ba vapors / 11, 12, 17 /. The
above mentioned processes serve as the "seeding" processes in the sequential
ionization of high density vapor.

Ionization is still observed in the vapor (Na) when a pulsed laser excita-
tion source is used "off-resonance",that is detuned from any atomic transition
/ 20-23 /. In sodium vapor, photoionization (dissociative or not) of laser-
excited dimers is now commonly accepted as a major off-resonance prccess. The
analysis of the yields of Na2 and Na+ ions measured as a function of the laser
wavelpngth demonstrates the role of two-photon pumped 1,g and/or I 0 interme-
diate states of Na2. In addition to photoionization other processes-have recei-
ved experimental support and will be briefly discussed.

In the series of experiments reported here we have investigated some of the
above processes which take place in on- or off-resonance laser-excited, low den-
sity vapor. We will consider in the following sections :
- the electron spectrometry study of associative ionization (AI), Penning

ionization (PI) and collisional energy transfer between electrons and
excited atoms, in Na and Ba vapors laser-excited to the first optical
resonance, respectively, Na (3s - 3p) and Ba (6s2 - 6s6p).

- the ionization of sodium vapor laser-excited off-resonance : ion yield
measurements and electron spectrometry provide contrasted but complementary
results in two different experimental situations, a short pulse and a long
pulse excitation of the vapor.

1. ON- AND OFF-RESONANCE IONIZATION IN LASER-EXCITED SODIM VAPOR

1.1. On-resonance ionization : electron spectrometry studies

The electron spectrometry technique, which has already been used for a very
accurate analysis of collisional ionization in rare gases or rare gas-alkali
systems / 24 /, allows in our experiment i) to resolve and to observe simul-
taneously the different ionization processes which are characterized by the
energy of the ejected electrons and ii) to observe the collisional energy
transfers (superelastic or inelastic collisions) between atoms and electrons.
Experimental results obtained with a c.w. and with a pulsed laser excitation
source are successively presented. Penning ionization between excited alkali
atoms is briefly discussed using the electron energy spectra and the extended
cross section measurements of Ch~ret and Barbier in Rb / 7 /.

1.1.1. The experiment

An effusive beam of Na (no = 1012 - 1013 cm"3 ) is excited by a perpendicular
laser beam in the source volume of a cylindrical mirror analyzer (CMA) / 11,
12, 17 /. The laser excitation sources are successively i) a c.w. single mode
laser source tuned to the 3s 2S,1 2 kF=2) - 3p 2P3 /2 (F'=3) transition, which
pumps up to 30 % of the atoms in the excited state for typical intensities of
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a few W.cm
-2 

, and ii) a long pulse (1 us) laser source tuned to the 3s 2S1/2
3p 2p,/2 or 3/2 transition, for which an intensity between 104 and 106

W.cm-2 saturates the 3s-3p transition. The transmitted electrons are energy-
analyzed in the CMA with a resolution tE/E of about 10-2. Accelerating grids
can be used at the entrance of the spectrometer to compensate the retardina
potentials which exist in the system, that is a plasma potential Vp " .1-.5 V
in the excited medium, ana a contact potential Vc 2 V at the entrance of the
CMA.

The experiment (and the similar one on Ba vapor) was associated with the
study of photoionization of Na atoms in the around state or in laser-excited
states, by synchrotron radiation (SR) / 25 /. We have used the measurements
from these parallel studies in the context of our experiment for calibration
purposes : first, the absolute electron energy scale is determined from the
observed phuLo.lectron lines of known energy produced by the SR ; second, the
absolute densities of atoms in the ground state and in the laser-excited
state(s) are deduced from the intensities of the photoelectron peaks. Photoioniz-
ation produced by SR has provided a useful technique of calibration ; it probes
the medium within the interaction volume, simultaneously with the measurement
of electrons produced by collisional ionization, and causing by itself a negli-
gible fractional ionization.

1.1.2. Results

Spectra a) and b) in Fig. 1 have been measured, respectively, in the range
(0, 2.5 eV) (with accelerating grids) and (2, 6.5 eV) (without accelerating
grids). In spectrum b), the cut-off energy of the spectrometer is approxima-
tely 2 eV. The two spectra display the main structures observed, the energy
position of which characterize unambiguously the mechanisms responsible for
their production.
- Associative ionization of excited atoms and superelastic collisions between
electrons and excited atoms : Peak labelled a at energy 0.05± ).03 eV corres-
ponds to electrons produced by associative ionization in the ollision of two
Na(3p) atoms :

(1) Na(3p) + Na(3p) + W Na2
4 

(
2 
-(V)) + e (Ee)

where W is the kinetic energy of the colliding atoms and v a particular vibra-
tional level in which Na2

+ 
is formed. The electrons produced in (1) may undergo

p = 1, 2, 3 subsequent superelastic collisions with Na(3p) atoms, each of which
boosts their energy by 2.1 eV :

(2) Na(3p) + e (Ee) , Na(3s) + e (Ee + 2.1 eV)

The corresponding peaks a + p primes are observed in spectra a) and b). For a
pulsed laser excitation of the 3s-3p transition, structures similar to peaks
a and a' are observed as shown in the spectrum in Fig. 2.
- Penning ionization of excited atoms :

In spectrum ina --n-Fi-. 1, peaks b, c, d, and e correspond to the electrons
produced by Penning ionization in the collision of Na(nl) and Na(3p) atoms
with, respectively, nl = 3d, 4p, 5s and 4d/4f :

(3) Na(nl) + Na(3p) - Na
+ 

+ Na(3s) + e (E3p - Eb(nl))

where Eb(nl) is the binding energy of the electron in the nl state. The primary
electrons which have been superelastically heated in process (2) are also
observed after p = 1, 2 superelastic collisions. These electrons appear on a
larger scale (for p = 1 SEC) and with a better resolution in Fig. 3 at tempe-
rature To = 520 K.
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FIGURE 1
Electron energy spectra measured at a temperature To ;80S K in a sodium vaporexcited with a c.w. laser tuned to the 3 SI/2 (F-2) 3 P3/2 (F'=3) transition.

Spectrum a) (0, 2.5 eV) is obtained using accelerating grids, whereas in soec-trum b) the contact potential repels the electrons of energy 0 2 eV. Both

spectra characterize simultaneously i) associative ionization Tpeak a) and
Penning ionization (peaks b, c, d and e) in the collision of excited atoms
ii) superelastic energy transfer between electrons and Na(3p) atoms ; peaks
labelled with p 1, 2, 3 primes correspond to p superelastic collisions (SEC).
The spectra in Figs. 1, 2, 3, 5 and 7 are not corrected for the transmission
of the system.

The nl = 5s and 4d/4f states are populated in the energy pooling collisions
of two Na(3p) atoms :

(4) Na(3p) + Na(3p) + Aw - Na(n]) + Na(3s)

where < w is the energy defect of the reaction. Process (4) was first observed
from fluorescence measurements by M. Alleqrini et al. / 18 /;the role of
this process in the ionization is now clearly demonstrated from the electron
energy spectra. Instead of a direct population by process (4), the 3d and 4p
states are populated by radiaLive decay from upper-lying 5s and 4d/4f states.
- Photoionization of excited atoms by the laser

Thep ectrn--l-ig.-7Tpus--aser exci-ta-tion) reproduces the same struc-
ture pattern (peaks b, c, d, and e) as in the spectra in Fig. 1. However, we
have measured that the intensities of peaks b, c and e vary faster with the
laser intensity IL (104 - 106 W.cm

-2 ) 
than the one of peak d. This demonstrates

that peaks b, c and e are mainly produced by photolionization of Na(nl), nl = 3d,
4p and 4d/4f, respectively. Photoionization cross sections for the above nl
states are between 2 and 5 Mb at the given wavelength / 26 /. The photoioniza-
tion cross section for the 5s state is much smaller than the others (0.05 Mb)
and peak d is still produced by Penning ionization of Na(5s) in collision (3),
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FIGURE 2 FIGURE 3
Electron energy spectrum measured Electron energy spectrum in Na vapor at
between 0 and 2.5 eV in Na vapor temperature To = 520 K excited with a c.w.
(To , 550 K) excited with a pul- laser to the 3SI/ 2 (F=2) - 3P3/2 (F'=3)
sed laser tuned to the 3SI/2 - transition. Peaks b', c', d', e' and f'
3P3/2 transition. The labelling correspond to the electrons produced by
of the peaks is the same as in Penning ionization in the collision of
spectrum a) in Fig. 1. However Na(nl) and Na(3p) atoms, and superelas-
notice that peak b, c, d and f tically heated in I SEC with Na(3p).
are mainly produced by photo-
ionization of Na(nl).

1.1.3. Interpretation

- Associative ionization of two Na(3p) atoms
Te energy dstrTFutih~f the electronsproduced in (1) (peak a) is centered

at a mean energy Eeo V 0.05 ± 0.03 eV and its width ,Ee deduced from the spectra
is about .1 eV ; .Ee should be roughly representative of the energy distribution
of the ejected electrons in (1). We note that it is larger than the vibrational
spacing in the final state of Na2  (s. 109 cm-1) ; rather it is of the order of
the thermal width of the relative kinetic energy distribution for the colli-
ding atoms. This qUests that Na2+ ions are produced in a few vibrational
levels, namely between v ', 3 and 10, and that the observed electron energy
distribution corresponds to the relative kinetic energy distribution in the
initial system. However, our results are not sufficiently accurate to support
a definite conclusion. Since the kinetic energy distribution in the colliding
system is large with respect to the vibrational spacing, electron spectrometry
does not permit the resolution of the v-level distribution in the final state.
Usino a well-collimated atomic beam at low temperature / 15 /, or a crossed
beam configuration / 5 /, would siqnificantly improve the information
supplied by electron spectrometry. In any case, L.I.F. would be also
an appropriate te:hnique as a probe of the v-level distribution in the Na2

4 ion.
Very recent calculations of a large set of energy potential curves for the
Na(3p) - Na(3p) system should encourage further experimental investigation of
process (1) / 27 /.
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From a quantitative analysis of peaks a, a + p primes (and thus of the
superelastic heating of the primary electrons, see further in the text), we
deduce estimates of the cross sections for associative ionization (1),

1A (3/2, 3/12) _' 4 x 10
-16  

cm
2  

and .Al (1,2, 1/2) ' 2 , 10
- 1
6 cm

2

(within a factor of 3). The values obtained are in reasonable agreement with
previously measured values / 3, 16 /.
- Penninq ionization of excited atoms

-ThEoserved structures , c7-land e in spectrum a) in Fig. 1 and with
prime in Fig. 3 show that Penning ionization (3) is dominant over associative
ionization which can also occur in the course of the Na(nl) + Na(3p) collision
at small internuclear distances (R < 5 A). In effect one expects to see in the
latter a broad energy distribution of the ejected electrons between 1 and 2 eV,
which is not observed in the spectra. Rather ionization (3) occurs at large
internuclear distances (R ' 5 A) for which the potential energy difference
between the initial and the final state (i.e. the energy of the ejected elec-
tron) has reached its asymptotic value. This is confirmed by the hioh order
of magnitude (10-13 - 10-12 cm

2
) of the cross sections for process (3) that

we estimate from the spectrd they are larger than the geometrical cross
sections by a factor of about 10, showing that long range dipole-dipole inte-
raction induces the main coupling with the continuum in process (3). This was
clearly demonstrated first by the extended measurements carried out by Cheret
and Barbier / 7 / of the cross sections for Penninn and assuciative ionization
in the Rb(r.1!) + Rb(5p) system. These authors have measured cross sections for
Penning ionization between 10-13 and 10-12 cm

2 
for the nl 7s to 'is and 'd

to 9d series. They are at least 100 times larger than the measured cross
sections of associative ionization in the same system. Theoretical calculations
confirm the order of magnitude of the experimental values 1 28 /.
- Superelastic heating of the electrons
Thecaacer st-iCtTm-eofsupere-astic collisions (2) for electrons of

energy E 0 0.05 eV is between 4 . 10-6 s and 4 . 10
-7 

s for n3p - 1012 to
1013 cm-s '29 /. Thus, it is much longer than the free diffusion time for the
electrons ( 10-8 s). However, the plasma potentiel VY .1 eV can confine the
low energy electrons within the excited medium for a long time, "infinite" for
the c.w. laser excitation, and of about 1 ps for the pulsed laser excitation.
Superelastic heating in the collision (2) thus becomes efficient and can be
observed in spectra a) and b) in Fig. 1 as well as in the spectrum in Fin. 2.

Similarly, for the same conditions as those of spectrum b) in Fio. I (no
accelerating grids), the electrons produced by Penning ionization (3) with a
kinetic energy in the range (0.7 - 1.2 eV) were confined within the interaction
chamber by the contact potential (2 V). As a result, it has been possible obser-
vine them in spectrum b) after one or even two superelastic collisions.

1.2. Off-resonance ionization of Na vapor

The production of Na2+ and Na
+ 

ions in a sodium vapor (no = 10 11 - 101
3 
cm

-3

irradiated out of any a omic resonance in he ragge 5800 - 6200 A by a pulsed
laser light of moderate intensity, T = 10 - n7 W .cm

"2
, tas tccn r~ported by

several groups / 20-33/. We now prekent two experiments in which we investi-
9.ted off-resonance ionization, using, respectively, short pulse (10 ns) and
long pulse (1 us) excitation of the Na vapor. These two experiments support
two contrasting interpretations of the respcective ionization observed, and thus,
suggest that pulse duration should be taken into account in the analysis of the
results.
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1.2.1. Short pulse excitation of the vapor

A first experiment / 23 / has been performed in a cell (To = 500 K, no  10 11

cm-
3
) using a relatively short pulse (10 ns) of laser liaht ; laser wavelength

was tuned to operate in the range 5800 - 6200 A with a spectral width O.U7 A
(.2 cm-

1
), and an intensity Il = 106-107 W.cm-

2
. An ion mass analysis was per-

formed and Na2* and Na
4 

ion yields were measured both as a function of the

laser wavelength. Numerous and complex structures are observed in the Na2'
yield spectrum in Fig. 4, for which the resolution is limited by the laser
bandwidth. However, the presently reported observations have a significantly

greater resolution than those of Refs. / 20-22 /.

!4d Vs d 4, 4&sS SS '

616 2951 4 1 2862

~~, 2

L I
1 2 3 4 5 6 7 8 9 10 11 12

LASER WAVELENGTH (ST P UNITS)

FIGURE 4 13 -3
Na2' ion yield measured in laser-excited sodium vapor (no - 1.2 10 cm -

,

10 ns excitation pulse of intensity . 106 W.cm-2) as a function of the laser
wavelength between 5891 A and 5910 A. The wavelength origin is at the 3S%/ 2
3P3/2 resonance, A = 5889.94 A ; the wavelength step unit is equal to 1.684 A.
The structures characterize three-photon ionizatio co' '.a2 dimers enhanced by

the resonant excitation of lv or 17g stales of Na2 - see text. Two-photon
transitions, (3s + 5s) ig ang (35 + 4d) 2Z + X 1E+, to the highly excited
states observed by Morgan et al. are labelled as in Ref. / 31 /.

Furthermore we have demonstrated that the Na2
+ 

ion yield varies linearly

with the density of Na2 dimers for which the fractional value is approximately
10-

3 
-10-4 in the vapor. Thus we attribute the production of Na2  ions to the

three-photon ionization of Na2 dimers, enhanced by the resonant or quasi-
resonant excitation of rovibrational levels in intermediate excited states of
Na?. More precisely we believe that the observed structures reflect the two-
photon resonant transitions between rovibrational levels (v", J") and (v, J)
of, respectively, the X l '* ground state and Iv9 or I" excited states which

lie in the two-photon energy range. The latter should le most likely the
(3s+5s 17' and 17,g and the (3s+4d) 1iY and 1I1g states observed by Carlson et
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al. / 30 / and Morgan et al. / 31 / in two-step polarization spectroscopy of
Na2  according to these authors, the mentioned states are correlated to Na(3s)
+ Na(5s) or Na(3s) + Na(4d; asymptotic systems. We write the ionization process

as :
2 A 1 1

g5 a2( Na2  A(y ; ) Ti"
(5) Na2  a (1g' 1g Na2 + e (5a)

Na' + Na(3s) + e (5b)

The first step of the two-photon resonant excitation (5) corresponds to the

excitation of the A - X band of Na2 . Thus process (5) itself is enhanced when
the laser wavelength corresponds to a resonant transition in the A - X band
(the second ( -; A) transition is also resonant, for we assume (5) to be
resonant within the laser band width > .2 cm-1). From a numerical analysis of
the structures in Fig. 4 using spectroscopic data of Ref. / 31 /, we find more
than 400 resonant transitions in (5) (within .2 cm-

1
) from the lowest v levels

of the ground state, which involve a quasi-resonant excitation (within 1 cm-1)
of an intermediate A I,-+ (v',J') level.

Note : The spectra ayso include the contribution of (5a) via, first, the
resonant excitation of a rovibrational transition in the A - X banl, and
second, a quasi-resonant excitation (within 1 cm-

1
) of (v,J) levels of the

,1 1'.' states. However, we expect this contribution (one-photon resonant

excitaticn followed by two-photon ionization) to be lower than that cf the
process which is considered here (two-photon resonant excitation followed
bj one-photon ionization).

The Na
+ 

ion yield which was measured simultaneously presents some of the
same structures as for Na2'. We attribute the production of Na' nciniy to the
three-photon dissociative ionization (5b) which occurs via resonant excitatinn
(5) of Na2. Then, different Franck-Condon factors in (5a) and (5b) account frr
the difference between the observed structures ii Na2+ and Na

4 
ion yield

spectra.

1.2.2. Long pulse excitation of the vapor

The experiment described in section 1.1 using along pulse laser excitation
source (I ps pulce duration, 70 GHz bandwidth, IL = 104-106 W.cm-

2
) has been

extended to the case of off-resonance excitation of the effusive medium. In
Fig. 5, we compare two spectra, a) and b), which have been measured at two
different wavelengths :
- Spectrum a) : the wavelength 6023 A corresponds to the two-photon
excitation of the 3s-5s transition. During the 1 ps pulse duration, the 5s
state decays radiatively to the 4p state (5-4 " 8 10-8 s), atoms in the
4p state (and those in the 3d state populated by radiative decay from the 4p)
are then photoionized at the given wavelength with a cross section -Y (4p)
4 Mb / 26 / (peak f), whereas atoms in the 5s state are weakly photoionized

(peak - - see section 1.2.
- Spectrum b : the wavelength X = 6040 A does not correspond to any atomic
transition. Nevertheless, one notices that the ) and peaks remain the domi-
nant structures in the spectrum. Processes (5a-b) produce electro-is of energy

between 0.0 and ' , 1.4 eV. However, it would be a strikino coincidence if these
electrons were produced precisely at the energies which characterize the photo-
ionization of atoms in the nl = 4p,5s and 4d states. lhus, we conclude that the
above nl states are populated off-resonance in the vapor. The possibility that
they are excited directly by the laser of by its fluorescence background is
excluded. Rather we propose either the photodissociation of the laser-excited
dimers into excited atoms / 32 /
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FIGURE 5
Electron energy spectra measured in Na vapor at temperature T 520 K excited
with a long pulse laser (I ps , IL -, 105 W.cm-

2
). a) : I = 60?.3 nrn corres-

ponds to the two-photon 3s i Ss transition. The ' and peaks are produced by
photoionization of, respectively, Na(5s) and Na(4p) at the given wavelenoth,
the 4p state being populated from the 5s by radiative decay. b) : - = 604 nm.
From a comparison with spectrum a), one still attributes peaks and , to the

photoionization of, respectively, Na(5s/4d) and Na(4p/3d) atoms : a pool of
excited atoms is produced off-resonance in the vapor by photodissociation of
- or collisional eneroy transfer from dimers in two-photon excited T or .a

states.

1 2N% ** 1 1 g
(6) Na2 (X z) -, Na2  ( ! Na(3s) + Na(5s or 4d)

or the collisional energy transfer between laser-excited dimers and atoms
/33/

(7) Na2  + Na(3s) - Na2 + Na(5s or 4d)

as two mechanisms capable of producing a pool of excited dtoms in the vapor.

The excited atoms are then photoionized as in the resonant cases. In the
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present long pulse experiment, this process seems to be dominant over the three-
photon direct ionization (5a,b) of Na2 : the steady-state population in the 4p
state is a reservoir of excited atoms which are photoionized with a relatively
high cross section (which may be higher than the photoionization cross section
of Na2 in the 1Zg and 1P.g states in 5a,b). Such a reservoir does not exist in
the previous short pulse experiment (y1-4p > pulse duration). Thus we propose
that processes (6) or (7) may explain 4e Farticular features of the electron
energy spectra measured off-resonance. In Ref. / 21 / reporting the results of
a long pulse experiment, we attributed the production of Na2 + ions to three-
photon ionization (5a) of Na2 ; Na

+ ion yield was not measured. Our present
interpretation of the Na4 production does not contradict the conclusions of
Ref. / 21 /.

2. ELECTRON SPECTROMETRY STUDY OF ON-RESONANCE IONIZATION IN Ba VAPOR

In this experiment we have studied the energy distribution of the electrons
produced in a resonantly excited Ba vapor using the experimental set-up of
section 1.1 / 12 /. Ba(6s2 IS0J atoms in the effusive beam were excited by a
c.w. laser source to the 6s6p 1 exciled state (see Fig. 6); the 6s6p 3P
state could be populated from the 6s6p 'P1 by collisional quenching / 10 /.
However, the dominant populations of excited atoms are produced in the metast-
able states 6s5d ID and 6s5d 3D which are populated by either radiative decay
or collisional quenching from the upper-lying states.

2.1. Probe of atomic populations in the excited states - Absolute energy
scale

As for Na (see § 1.1.1) parallel study of the photoionization of Ba in the
ground state and in excited states by SR / 34 / has provided a useful method
for calibrating the absolute energy and for probing the atomic population in
the different states. A typical electron energy spectrum produced by collisio-
nal ionization of excited Ba atoms and by simultaneous photoionization of Ba
atoms in ground and excited states is presented in Fig. 7. In spectrum b) in
Fig. 7, the electron lines above 10 eV of kinetic energy are due to the ioni-
zation of Ba atoms by the synchrotron radiation. The peaks labelled GI and G2
are produced by photoionization in the 6s outer-shell of the ground state atom
by 18.49 eV photons (SR). The lines labelled M1 , Ml ' and M2 , % are produced
by photoionization of the atoms in, respectively, the 6s and the 5d subshells
of the 6s5d 1D and 6s5d 3D (peaks labelled with a prime) metastable states,
this photoionization being resonantly enhanced at the given photon energy via
the excitation of autoionizing states. A weak signal E is produced by photo-
ionization in the 6p shell of the 6s6p 1p laser-excited state.

As in the case of Na, the absolute energy scale can be determined from the
known energy position of the observed photoelectron lines. In the low energy
range of the spectra (0, 6 eV), we have used, as an additional reference, the
photoelectron lines XeI and Xe2 produced by photoionization of Xe in the 5p
shell (respectively, Xe(5p 6 ) +M - Xe(5p 5 2p, /2 and 2P3/2) + e) by 18.49 eV
photons. The choice of these energy references reduces the uncertainty due to
slight differences in the diffusion conditions between low energy and high
energy (Ee > 6 eV) electrons. Absolute energies of the peaks in the low energy
range of spectra a) and b) are then determined within an uncertainty of 0.02 eV.

Photoelectron lines from Ba atoms give direct evidence that excited states
(especially the metastable states) were populated in the vapor. Furthermore,
it is possible, in principle, to determine the densities in the different
states (ground and excited states) from the intensities of the corresponding
peaks. One notes for instance that the relative decrease of the intensity of
peak G1 (from the ground state) when the laser is turned on is equal to the
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FIGURE 6 2 1
Energy diagram of Ba atomic states illustrating the laser-excited 6s S0 3
6s6p lP1 transition and the way of populating the metastable 6s5d ID and D
states by either radiative decay or collisional quenching (also from colli-
sionally populated 6s6p 3p). The dashed line corresponds to the energy of the
Ba(6s6p 1P) + Ba(6s6p Ip) colliding system and show that 6s8s iS and 3S (the
li.-ter is not represented on the energy diagram), 6s8p 1P and 6s7d 3D can be
populated in the above energy pooling collision.

total relative density of atoms in the excited states. By this method, we were
able to determine that up to 90% of the atoms were transferred to the excited
states, that are mainly in the metastable ID and 3D states. However absolute
photoionization cross sections or autoionization rates for the different excited
states have not been yet either measured or calculated. Thus, an accurate deter-
mination of the different densities cannot yet be carried out. A tentative
analysis of the spectra indicates that the densities in the two metastable
states should be of the same order of magnitude, the iD state being favoured,
whereas the density in the 6s6p 1P and 6s6p 3P remains relatively weak.

2.2. Collisional, ionization and multiple superelastic processes

The spectra a) and b) in Fig. 7, in which Ee > 1.5 eV, are obtained without
accelerating grids for two different laser powers : in spectrum a) the den-
sities in the 1D and 3D metastable states are approximately 5 times smaller
than in spectrum b). The spectra demonstrate the existence of hot electrons
in the medium in the range 1.5 - 4 eV, produced by collisional ionization of
excited atoms, and then further heated in superelastic collisions with excited
atoms. One can interpret the different structures in spectra a) and b) (E <
5 eV) by assuming that one dominant electron population of either energy
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FIGURE 7
Electron energy spectra measured in Ba vapor laser-excited to the 6s6p P state
for two different laser powers a) PL = 35 mW, and b) PL = 350 mW, which corres-
pond respectively to different densities in the metastable states. Electron
lines at high energy Ee > 10 eV in spectrum b) are produced by photoionization
of Ba in ground and excited states by synchrotron radiation. Peaks Xel and Xe2
are energy reference lines produced by photoionization of xenon by SR in the
5p subshell. Low energy structures in spectra a) and b) correspond to the elec-
trons produced in collisional ionization processes I or I' (see text), which
have undergone multiple superelastic collisions with Ba either in 6s5d 1D (S)
or in 3D (S') state. The peaks are labelled by the sequence I (I'), pS, p'S,
where p, p' = 0, 1, 2,which schematically represents the sequential steps for
their production (S and S' processes are not ordered).

or Ee' is initially produced in the vapor in the following collisional ioniza-
tion processes (I) with ID,or (I') with 3D metastable states :

(I or I') Ba(6s nl 2S+IL) + Ba(6s5d 1D or 3D) - Ba+ + Ba(6s 2 ) + e(Ee or Ee ')e

These electrons (of energy Ee" in the qeneral case) may underoo further super-
elastic collisions with either Ba(6s5d ID) (S) or Ba(6s5d 3D)-(S') according to
(S or S') Ba(6s5d ID or 3D) + e(Ee) - Ba(6s 2 ) + e(Ee" + 1.41 or 1.14 eV)

where 1.14 eV and 1.41 eV are the energies of the 3D and 1D states, respecti-
vely.

If we attribute the peaks in spectra a) and b) to different sequences of an
ionizing collision (I) or (I') followed by superelastic collisions (S) or (S'),
which are schematically indicated beside the peaks in Fig. 7, we can determine
a unique energy of 4.45 + 0.03 eV for the 6snl 2S+lL state in (I) and (I'),
close to the energies of the 6s7d 3D (4.42 eV) and 6s8p Ip (4.44 eV) states.
Then we remark that the 6s7d 3D state can be populated in the energy pooling
collisions of two Ba(6s6p 1P) atoms (2.24 eV) :
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(7) Ba(6s6p IP) + Ba(6s6s 1P) + AW - Ba(6s7d 3D) + Ba(6s
2 1S)

whereas the 6s8p IP cannot be produced in dipole-dipole interaction and should
be less populated in the collision (7). From the spectra, the contribution to
ionization via (1) and (I') of the 6s8s 

1S and 3S states (-, 4.26 eV) which can
be populated in the collision (7) is much smaller (and not observed) than that
of the 6s7d 3D state.

Further studies of the primary electrons between 0 and 2 eV using accelera-
ting grids are in progress. These experiments will provide us with a verifica-
tion of the present interpretation of the spectra.

CONCLUSION

We have investigated the ionization processes which take place in laser-
excited metallic pors of Na and Ba.

For a resonant population of excited states by either a c.w. or a pulsed
excitation source one observes first the subsequent population of highly
excited states in energy pooling collisions of optically (laser)-excited atoms.
From this latter, the dominant ionization processes are associative and
Penning ionization in the collisions of optically-excited or collisionally
excited atoms. Photoionization of excited atoms becomes significant in the case
of a pulsed laser excitation source. Electron spectrometry allows simultaneous
resolution and observation of the different ionization channels. In addition
we used this technique to study superelastic energy transfer between electrons
and excited atoms. This process can produce a complex energy distribution of
the electrons in the Ba vapor case, for at least two different excited states
(6s5d ID and 3D) give rise to an efficient superelastic heating.

The off-resonance pulsed excitation of the vapor (Na) involves laser-excited
dimers. However experimental results outline the difference between short pulse
and long pulse experiments. In the short pulse experiment, Na2

+ ion yield mea-
surements characterize the three-photon ionization of Na2 , resonantly enhanced
by the excitation of intermediate states. In the long pulse experiment we con-
clude rather that a population of highly excited atoms is produced by photo-
dissociation or collisional quenching of laser-excited dimers, these excited
atoms being further efficiently photoionized.
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1. INTRODUCTION

Collisions of excited atoms with molecules at thermal and suprathermal
energies (0.01 eV to 1 eV) have attracted growing interest over the past few
years. The excited atom studies mentioned in this report have focused on
alkali atoms since they are easily optically pumped to n

2
S, n

2
p or n

2
D

excited levels using tunable dye lasers
Collisions between an excited alkali atom A* and a molecule BC can be

divided into three classes (considering only neutral exit channels):
- First, A* can be scattered
elastically( same electronic

iactive ex.:taLion before and after

Elasic the collision. In such a

Inef tic collision, the internal excita-
tion (rotational or vibrational)

A' BC of the molecular perturber can
change. Onc question is howA + Bthe excitation of the molecule
BC is affected by the electronic

excitation of the collision partner A. Such processes are not reported here.
The interested reader is referred to [1].
-The second possibility is that A is scattered inelastically from the
excited level A* to the level A*' (A*' may or may not be excited). Among
these processes, the quenching of the first excited 

2
P doublet of alkali

atoms has been recently extensively reviewed [2,3]. These quenching
processes are fairly simple since only the initial state of A is excited. We
will consider more complex situations in this report (see section 2) where
both to initial and the final states of A are excited: we consider
processes such as

A(nl) + BC ----> A(n'l') + BC (1)

where A is an alkali atom (Rb in this report), BC a molecule (diatomic here)
and where nl (n'l') are the principal and orbital quantum numbers describinq
the initial (final) state of A. When considering process (1), our purpose is
to answer the following question: to what extent (and why? ), is the
inelastic transfer A(nl) --* A(n'l') modified when the perturber is a
molecule BC instead of a rare gas atom?
- Finally, the collision A* + BC can be reactive. Recent reviews are
available in this field [4,5,6]. A collision of this type is reported in
section -. It concerns the reaction

Na* + 02  --- *NaO + 0 (2)

where the Na atoms are either in the ground state 3S or in the excited
levels 3P,55 or 4D. This example is used to illustrate the dramatic effects
that the electronic excitatior of reactant atoms has on reactive scattering.
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For both types of processes discussed in this report (inelastic and
reactive scattering) the polarization of the excited atomic state can
influence the collision (such phenomena are usually called polarization
effects). The systematic observation of such effects in reactive collisinnc
is fairly recent [6]. Since a symposium is devoted to collisions of
polarized atoms during this conference we do not report on polarization
effects here.

2 INELASTIC SCATTERING

For a general understanding of type (1) collision processes, it is
often useful to investigate them, when they take place in collisions
involving Rydberg atoms (i.e. highly excited atoms) [7]. In such collisions,
fairly simple theoretical approaches are valid and give clear picture of the
physical phenomena involved in the collision process under investigation.
This can help us understand the collisional properties of less excited atoms
where more complicated theories are required.

Following this idea, we first consider (section 2.1) the quenching of
Rydberg atoms according to the scheme

Rb(nS) + X ---+ Rb(,nS) + X X= He, N2 , CC (3)

where the principal quantum number n ranges from 25 to 45. Process (3) is a
type (1) process. Studying process (3) will allow to identify one of the
mechanisms by which molecular perturbers may have different behaviors from
that of rare gases when inducing a type (1) inelastic transfer. This
mechanism, a resonant transfer between electronic energy of Rb and
rotational energy of the molecular perturber, is then studied in more detail
in section 2.2 when considering the intermultiplet mixing

Rb(7S) + H2 ---> Rb(5D) + H2  (4)

Finally, when considering in section 2.3 the process

Rb(5Pl/2 ) + H2 ---> Rb(5P3 /2 ) + H2  (5)

we will see an other way by which molecular perturbers differ from rare gas
perturbers when inducing type (1) inelastic processes.

2.1 Quenching process of Rb(nS) Rydberg atoms

The quenching of Rb(nS) according to process (3) is fairly complicated
since the final state of Rb is not specified. We only know it is different
from the the initial level nS. The depopulation process (3) thus includes
several more elementary collisional processes. We must make clear what they
are. The quenching of Rb(25S) is taken as exemple in figure 1 .The
collisions called 1-mixing transfer the excitation from the level 25S to
levels such as 22F,G... which have the same effective principal quantum
number than the level 25S. When the excitation is transferred to a level of
different effective principal quantum number (upper or lower), the transfer
is called n-changing (for exemple the transfers 25S to 26S or 25S to 24S).
Finally, the collision can ionize the Rydberg atom.

2.1.1 Experiment and results

Two pulsed lasers excite Rb atoms stepwise to a Rydberg nS state (first
5S-5P then 5P-nS; the n value is varied by changing the wavelength of
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the second laser ). The depopulation of the nS state due to collisions with
the perturber X is followed by field ionization in a cell experiment. This

\ I I II Rb"

t- FIGURE 1
24s Energy levels of Rb (not to

scale) and elementary processes
included in process (3).

allows the measurement of the Maxwellian-averaged cross-section of process
(3) as a function of the principal quantum number n over the range 25-45.
The experimental methods and especially the field ionization technique are
described extensively in references [8,9,10].

The cross-section of process (3) measured in references [8,10,11] are
shown in figure 2. Two features can be distinguished: (i) cross-sections

5000

T = 290 K
o

100 
FIGURE 2
IURCross-section of process (3)

as a function of the principal

'A N .quantum number n. Experiment
2 J (open and full circles with error

bars).Theory: 1-mixing cross
Hi section for He(dotted curve)N2(dashed curve) and CO (dotted

100 dashed curve);total cross section
for CO (full curve)

20 30 40 50
nS

measured with the perturbers N2 and He are almost identical (within a
factor 2). (ii) Cross-sections measured with CO are one order of magnitude
larger than those measured with N2 .
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2.1.2 Theoretical interpretation.

The interaction of the Rydberg electron with the perturber X is now
recognized as being the dominant interaction responsible for quenching
processes such as (3) [12,13]. Moreover, the impulse-approximation has
proved very effective in predicting the corresponding cross-sections
[14,15]. Simple analytical formulas are now available within this framework.
They allow the calculation of the cross-sections of the elementary
processes: 1-mixing, n-changing and ionization [16,17]. When using these
formulas explicitly for process (3), Petitjean et al give a quantitative
interpretation of the experimental data of figure 2 [7,10,11]. Their results
are plotted in figure 2. They give a clear picture of the three elementary
processes 1-mixing, n-changing and ionization.

L-mixing is induced by short range Rydberg electron-perturber forces.
It is the dominant process when the perturber X is a rare gas. This is
illustrated by the nice agreement observed in figure 2 between the
calculated 1-mixing cross-sections for He (dotted curve), and the
corresponding experimental results. When calculating the 1-mixing
cross-section for N2 (dashed curve), excellent agreement is also obtained.
This means that for N2 as for He, 1-mixing is the dominant mechanism
responsible for process (3).

Turning to CO, the calculated 1-mixing cross-section (dotted-dashed
curve in figure 2) underestimates the experimental results. Therefore
1-mixing is no longer the only mechanism responsible for process (3) when
the perturber is CO. This is confirmed when calculating the n-changing and
ionization cross-sections (due to the long range Rydberg electron-CO dipolar
moment interaction): n-changing collisions appear as the sum of
near-resonant processes such as

Rb(25S) + CO(J=4) ---> Rb(21F,G...) + CO(J=5) E=0.15 cm-I (6)

which have very large cross-sections (10940 A2 for process (6)). In
comparison, ionization does not play an important role. When adding
1-mixing, n-changing and ionization cross-sections, the solid curve of
figure 2 is obtained. It is in excellent agreement with the CO experimental
data.

The reason for the behavior differences between CO and N2 in figure 2
is clear now. For CO near-resonant n-changing collisions have large cross
sections because the rotational energy of CO is firmly coupled to the
electronic energy of Rb. For N2 which has no permanent dipolar moment,
this coupling is much weaker. As a result, although near-resonant n-changing
collisions exist for N2 , their contribution to process (3) is negligible.
1-mixing thus appears as dominant for the perturber N2 as if N2 were a
rare gas.

2.1 Intermultiplet mixing

To go deeper into the understanding of near-resonant processes such as
that identified above, we must find a clean experimental situation where the
resonant process is fairly well isolated. Process (4) is a satisfactory
choice, since (i) a near resonant process exists when X=H 2

Rb(7S) + H2(J=1) ---* Rb(5O) + H2(J=3) E=21 cm-1  (7)

(the 7S-5D splitting is 608 cm-1 ). In contrast, the rotational level
splitting of D2 mismatches this splitting, (ii) both the initial and the
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final excited level of Rb can be characterized without ambiguity, (iii)
process (4) can be studied using a crossed beam experiment, (iv) the initial
rotational level population of the molecular perturber can be determined
under our experimental conditions, (v) the absolute value of the
cross-section of process (4) can be measured as a function of the relative
velocity of the colliding partners. The experimental method is described in
references [18 19,20].

The cross-section of process (4) as a function of relative velocity has
been measured experimentally in reference [20] for the three perturbers
H2, 02 and He. The results are shown in figure 3. The velocity range
covered in this figure corresponds to energies between 0.02 eV and 0.4 eV.
The two important results are: (i) D2 which cannot lead to resonant
electronic-to-rotational energy transfers, acts very much like He, (ii) in
contrast, H2 at small velocities leads to much larger cross-sections than

02•

2SO,

4 200 112 Rb(7S)+X-Rb(5D)+X

C) iI
FIGURE 3
Process (4) cross-section as a

100 function of the relative velocityLA of the colliding partners.

C •Experiment (full and open circles
to so 0 • open triangles). Landau Zener

calculations for He (dotted
e, curvp), for "2 (full -.- ) and

2for H2 (dashed curve).0 O00 20'00 3000 4000 S000

RELATIVE VELOCITY (m/s)

Following [20], avoided crossings between the potertial curves appear
to be the dominant coupling mechanisms for both perturbers D2 and He
(reliable potential curves for He and potential surfaces for D2 are now
available [21,22]). These avoided crossings have been treated by the simple
Landau - Zener formula, and lead to nice agreement with the experimental
results (see figure 3). In contrast, when such a model is used for H2, the
calculated curve disagrees with experiment at small relative velocities.
This strongly suggests that H2 does not act as a rare gas. Its rotational
levels play a direct role during the collision. They give rise to the near
resonant process (7). Assuming that for relative velocities smaller than
4000 m/s, process (7) is dominant, it is possible to extract the
cross-section of process (7) from the data of figure 3 as shown in figure 4
(arbitrary units). The cross-section of process (7) has been calculated
using the impulse approximation already seen in section 2.1.2 . The results
are also plotted in figure 4. The main observation in this figure is the
vanishing importance of the resonant process (7) as the relative velocity
increases. The second important point is that the impulse approximation
which is well established for th collision of Rydberg states is also fairly
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• FIGURE 4
o Velocity dependence of process

0.5 (7) cross-section.
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2 error bars.
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results of the impulse

0 -=_-_ approximation calculation.
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Relative velocity (m/s)

accurate when dLaling with low lying excited states of Rb (see the nice
agreement between theory and experiment in figure 4). Note however that this
theory overestimates the absolute value of the cross-section (measured but
not shown in figure 4) by about a factor 3.

Near-resonant rotational-to-electronic enerov transfers are thus
associated with large cross-sections if two conditions, at least, are
fulfilled. First, a strong coupling must exist between the molecular
rotation and the atomic electronic energy (in process (3) an electron-dipole
inter.ction is necessary to allow the resonant energy transfer to overcome
the already large cross-section given by the non-resonant 1-mixinQ mechanism
while in process (4) a quadrupolar interaction is strong enough, because
non-resonant processes have very small cross-sections). Secondly, small
relative velocities of the colliding partners are required.

2.3 Fine structure transitions of Rb atoms

In both examples above, differences between molecular and rare gas
behaviors are due to near-resonant rotational-to-electronic energy
transfers. Of course, such resonances are not the only way for molecular
perturbers to differ from rare gas perturbers. This is examplified when
considering process (5). The collision partners are the same as in the
preceding example, but the inelastic process is different (a fine structure
transition of Rb) and no near-resonances exist.

The cross-section of process (5) has been measured as a function of the
collision energy with the same experimental device as that used in the
preceding example [23]. The results are plotted in figure 5.

At small collision energies the cross-section is tv:o orders of
magnitude larger for H2 than for He. This difference is not due to
resonant energy transfers. Its origin ha,- been identified by Hickman
[24,25]. Figure 6 is a schematic plot of the potential curves describing the
Rb(5P)-He interaction. The fine structure transition in Rb(5P) induced by He
is due mainly to radial coupling between the" 1/2 and 11 12 curves
which is localized at a Rb-He distance of about 12 a.u. (distance RI in
figure 6) [26]. When using this coupling in a simple semiclassical
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calculation, the dashed curve of figure 5 is obtained [251. Fair agreement

40

0 00 H2
10°

o

0 ...
0 . .".-PL.

...,
(:5

R 2 V../R2 R,

0.0 0.1 0.2 03 04 05 Rb - X Distance

Energy ( eV )
FIGURE 5 FIGURE 6

Absolute value of process (5) Scheme of the potential energy
cross-section as a function of curves describing the Rb(5P)-He
collision energy. Experimental interaction. R1 and R2 are
data for He (full circles) and the distances where the first
H2 (open circles). Theoreti- and second radial coupling are
cal calculations for He(dashed localized (see text).
and dotted curves) and H2 (full
curve). See text.

with the He experimental data is observed. With He, because of its spherical
symmetry, a selection rule prevents radial coupling between the F 1/2 and
the r 3 /2 curves. This no longer the case with H2 because it is not a
spherical perturber. For this reason a second radial coupling occurs which
couples the curves 1 /2 and 11311 at closer distances than the first
radial coupling (R2 is roughly equal to 6 a.u.). When this second coupling
is included in the above semiclassical calculation, the full curve of figure
6 is obtained. It is in good agreement with the H2 data.

This example is important because it shows that resonances are not the
only mechanism by which molecular perturbers are different from atomic
perturbers.

Slightly outside the scope of this report, but nonetheless interesting
is that the simple semiclassical model used above is not the only w, y to
calculate the cross-section of fine structure transitions. Full ouantum
treatments are now available for both rare gas and molecular perturbers

[27,28,29]. They are especially efficient for rare gas perturbers since very
accurate potentials are available [21]. Process (5) for the perturber He is
a typical example which shows how well these theories work. (see in figure 5
the excellent agreement between the dotted curve calculated by J. Pascale

[private communication] and the He experimental data) [24,25].
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3. REACTIVE SCATTERING

An important issue in chemical kinetics is understanding the role of
reactant internal excitation on chemical reactivity. Growing interest
concerns the reactivity of electronically excited atomic reactants (see for
instance [4,5,6,30,31,32,33]). Within the necessarily limited frame of this
report we will focus on one reactive process only: process (2) where the
effect of electronic excitation in Na is particularly dramatic.

Process (2) is endothermic by 58 kcal(mole and 9.5 kcal/mole when Na is
in the states 3S and 3P respectively. If Na is in either states 4D or 5S,
the reaction is exothermic with about the same amount of excess energy (41
and 37 kcallmole respectively).

A crossed beam apparatus, a rotatable detector (electron bombardment
ionizer + mass spectrometer) and a two step laser excitation of the Na atoms
are used to study process (2). The laboratory angular distribution of the
product molecule NaO is measured as shown in figure 7 for various

0.8 Na(4D)

FIGURE 7
0,6 Laboratory angular distribution

4of NaO in process (2). Full
circles correspond to the

04 reaction of Na(4 D). Open
circles correspond to the

Na(3S,3P.5S) reaction of Na(3 2 S, 3
2P

02 and 52S). Lines are fits to
Na 02 -  the experimental points. Error

CM0 bars are within the size of

0 0 5 each experimental point.

0 10 20 30 40 50 eo 70 80 90
Scattering Angle (Degrees)

electronic excitations of the Na atoms. These angular distributions have
been recorded at a mass/charge ratio of 23 since most of the NaO molecules
fragment into Na+ in the electron bombarment ionizer. Thus, the rising
signal at small scattering angles is not related to the reaction product
NaO, but to Na atoms scattered by non reactive processes. The signal due to
the reactive process appears at larger scattering angles. Considering figure
7, we thus conclude that no reaction is observed when Na is in either states
3S,3P or 5S. On the contrary a strong reactive signal is observed with
Na(40).

The most striking feature in figure 7 is the ab ence of reaction for
the level Na(5S) since this level lies only 1350 car* below the reactive
40 level. This indicates that the symmetry of the excited state orbital
severely controls the reactijo.
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The second striking feature in figure 7 is that the NaO product is
backward scattered with respect to the Na atoms. This suggests that the
reaction does not proceed via a long lived complex but through a direct
mechanism with colinear approach. This is a very interesting and unexpected
aspect in the dynamics of the reactive process (2): the collision Na + 02
is expected to form the long lived complex Na+ - 02 very easily. If
the reaction (2) were going through such a complex, the angular distribution
of NaO would not be so much backward scattered than observed in figure 7.
Therefore, the results of figure 7 imply that the long - lived complex Na

+

- 0 does not lead to the reactive process (2), but to non - reactive
processes (e.g. intermultiplet transitions and quenching). This point has
been confirmed by a recent polarization measurement soowing that the
reactive process (2) is favoured when the 4D orbital of Na is alinned
perpendicularly to the relative velocity of Na and 02 ( i.e. when the
excited valence electron of Na is kept away from the 02 molecule in order
to prevent the electron transfer )[34].

The experimental observations of figure 7 do not yet receive a
theoretical interpretation. We consider they are interesting enough to
motivate such an investigation.

4. CONCLUSION

We hope that the examples reported here have been able to clarify the
respective role played by the collision energy and jy the rotational energy
of the molecular perturber in inelastic collisions such as process (1). For
instance, for collision energies larger than 0.2 eV (relative velocity
Rb-H 2 > 4000 m/s), the rotation of the molecule plays no role in the
intermultiplet transfer Rb(7S - 5D). On the contrary, for lower energies,
the molecular rotation can have a very important effect if near resonant
conditions are fulfilled.

Concerning reactive scattering, we have seen that adding energy in the
form of electronic excitation into the atomic partner affects the reaction
in a way which is definitly not explained by simple energy balance
considerations. The symmetry of the excited state orbital must be considered.
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NEGATIVE ION FORMATION BY COLLISION OF RYDBERG ATOMS WITH CLUSTERS

Tamotsu KONDOW

Department of Chemistry, Faculty of Science,

The University of Tokyo, Bunkyo-ku, Tokyo 113
Japan

I. INTRODUCTION

In a collisional process involving a high-Rydberg rare gas atom, Rg**, with a
target molecule, M, the outermost electron (Rydberg electron) of Rg** is readily
liberated as a result of rotational or vibrational de-excitation of M (1). This
collisional process can be treated as a scattering of a free electron by M; here
the electron is postulated to have a momentum and an energy distribution
identical with those of the Rydberg electron bound to its core ion, Rg+. When M
has a positive electron affinity, one expects collisional transfer of the
Rydberg electron to M, that is,

M + Rg** - M- + Rg
+  

(I)

The cross section for this process is governed by the interaction potential
between the target molecule and the Rydberg electron. Typical systems such as
SF6-Rg** (2) and CCI4 -Rg** (3) have been studied in detail. When the target
molecule, M, has a negative electron affinity, the cross section for process (1)
is almost zero, partly because of the instability of M-. Even in such a case,
X- is known to exist in the liquid phase and, therefore, M- may be stabilized by
charge-dipole and/or charge-induced dipole interactions in a van der Waals
cluster of a certain size, (M)n . In this case, one can expect that the
electron-transfer cross section for

(M) n + Rg** -- (M)- + Rg
+  

(2)

is sizable and increases with its size, n. Process (2) is probably composed of
two major processes: (a) collisional electron transfer from Rg** to an energy
state of (M)n and (b) multiple inelastic collisions of the transferred electron
inside M n . The former process is similar to process (1) and is often
encountered in atomic collisions, while the latter process resembles that of
electron diffusion in the condensed phase. In other words, a collision process
involving a cluster can be treated as a hybrid of those encountered in atomic
physics and in solid state physics.

The kinetic energy of the Rydberg electron is very small (-10 meV), and the
attachment cross secion is expected to be on the order of 10-12-10-13 cm

2 
(1).

Therefore, collisional electron transfer (process (2)) can be used for gentle
and efficient production of negative cluster ions from ( n . In mass
spectroscopic studies of a van der Waals cluster, it is desirable to mpntain

the cluster essentially undisturbed in the process of ionization so as to
obtain information on the parent neutral cluster. The cluster is always
fragmented when it is ionized before detection by electron impact, which is used
most commonly (4). This fragmentation occurring in the process of ionization
tends to destroy information on the properties of the neutral cluster and on the
relaxation processes taking place in the cluster during the ionization, and
always introduces additional complexities in studies of clusters. In this
connection, the collisional ionization with Rg** appears to have a unique
advantage.



518 T Kondow

We have studied collisional electron transfer from Rg** to (M)n (M=C02 , OCS,
CS2 , CH3CN, SF6 , NO, N20, C5H5N (pyridine) and C5H5N+H20 and detected a
variety of negatively-charged cluster ions. Many cluster ions which can
scarcely be generated by conventional techniques have been found to be produced
with high efficiency. Analyses of the data have provided the vertical electron
affinities of the clusters and information on the relaxations accompanied by the
electron transfer. The experimental techniques and several typical examples are
described in the following sections. The method of RAI is compared with
several other methods for formation of negative cluster ions.

II. EXPERIMENTAL TECHNIQUES
A schematic diagram of the apparatus is shown in Fig.l. The apparatus

consists of a supersonic beam source with four stages of differential pumping, a
triple-grid ion source where neutral clusters are ionized, a quadrupole mass
spectrometer with a negative ion detector and a CAMAC system based on an LSI-
11/23 computer.

IC D

C is IL 
.

Fig. I
A schematic diagram of the apparatus used.
N: nozzle, S: skimnmer, C: collimator, IS: ionization source, IL: lens,
QP: quadrupole mass spectrometer, IC: ion-conversion dynode, D: detector

1. Cluster Beam Source
The beam source consisted of a sonic nozzle having a thin platinum aperture

and a Beam Dynamics skimmer with the smallest opening of 0.31 mm diameter; the
nozzle-skimmer distance was externally adjusted to be typically 5 mm. The
nozzle orifice had a diameter of 50 im and a channel length of 0.2 mm. A sample
gas was seeded in either H2 or He gas with a stagnation pressure of 2000-2500
Torr, while the nozzle temperature was maintained at 293 K. A gas inlet system
made of stainless steel was baked in vacuo before use. The seeded gas was
expanded through the nozzle into a nozzle-exhaust chamber and a cluster beam was
formed. The chamber pressure did not exceed 10

-4 
Torr when the beam was

admitted. The partial pressure of the sample gas used was adjusted so as to
maximize the intensity of the positive dimer ion produced by electron impact.
The clusters in the supersonic jet were sampled through the skimmer into a
collision chamber of 10-5-10

-
6 Torr, and then introduced into a reaction chamber

where a concentric triple grid ion source was placed.
2. Ionization Source

The clusters were ionized in the triple-grid ion source. The source had a
housing with 20 mm length and 60 mm diameter, in which three concentric
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cylindrical grids and filaments were mounted as shown in Fig.2. The grids GA,
GB and GC were made of 50-mesh stainless steel. The central region surrounded
by GA was 20 mm in length and 10 mm in diameter. All grids were insulated by
ruby balls of 3 amm diameter. The housing was isolated from the grids by
steatite spacers. Four pieces of helical filaments made of thoriated tungsten
wire of 0.15 mm diameter formed a regular square. A typical filament wattage
was 5A x 7V. The cluster beam passing through the central region was ionized
either by impact of Rg** or by electron impact. Rare gas, Rg(Ar or Kr), with
99.95% purity was excited in the exterior of GB by 50 eV-electrons. Ionic
species and electrons were deflected back by application of appropriate
potentials to the three grids so that only neutral species including Rg** were
allowed to enter the central region. The pressure in the ion source was
evacuated to 1 x 10-6 Torr. When the rare gas was admitted, the pressure
increased to 3 x 10-

5 
Torr. The principal quantum numbers, np, of Rg** were

estimated to range from 25 to 35: Rg** with np- 35 were ionized by the field of
430 V/cm between CA and GB, and Rg** with np < 20 could not reach the central
region because of their short radiative lifetimes.

Rg

-Housing
Fig. 2

IL L -Filaments A Schematic diagram of the ion source.
The three concentric grids, GA, GB, and

species from penetrating into the
, ~~~~~~care installed for preventing chargoseesropntatgitot ed

[1I~~icentral collision region.I _G
The following observations indicated that the observed negative ions

originated from the electron transfer from Rg** to the clusters by collision:
(a) The signal intensity depended linearly on the pressure of Rg, b) started to
rise at the threshold energy of Rg**, and (c) diminished almost completely by
application of - 400 V between GA and GB; this observation was interpreted as
the field ionization of Rg** at 1.3 kV/cm. Figure 3 shows that the negative ion
spectrum obtained from the CH3CN cluster by Ar** impact is almost identical with
that by Kr** impact. By proper selection of the potentials applied to the three
grids, electrons with an average energy of 7 were admitted into the central
region, where the cluster beam was bombarded by the electrons. - was estimated
from the difference between the potential of GA and that of the filaments.
3. Mass Selection and Detection of Ions

The negative cluster ions thus produced were extracted through an entrance
slit into a quadrupole mass spectrometer (Extranuclear, 162-8) installed in a
detection chamber, where the pressure was approximately 5 x 10-

7 
Torr when the

ion beam was admitted. The mass-selected ions were detected by a Ceratron
(Murata) equipped with an ion conversion dynode made of a stainless-steel disk
of 22 mm diameter placed perpendicularly to the beam axis. The time of flight
between the ion source and the Ceratron was 20-100 us for the ions studied. The
dynode, by which the negative ions were converted to positive ions before the
detection, was found to improve the signal-to-noise ratio by three orders of
magnitude. The maximum mass of the analyzed ions was m/z 1650, and the mass
resolutions were about 102 at m/z 146 and about 300 at m/z 1460. The trans-
mission and detection efficiencies of the mass spectrometer were calibrated by
the known fragmentation patterns of the positive and negative ions produced from
perfluorokerosene (PFK) by electron impact (5). The mass numbers were
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calibrated by the fragment ions of PFK below m/z 800 and by the cluster ions of
CO2 above m/z 800. The measurement and the data acquisition were controlled by
a Canberra #30 multichannel analyzer and a CAMAC-crate-mounted LSI-11/23
microcomputer. The intensity of a mass-selected ion was determined by the area
of the peak in the calibrated mass spectrum. The reproducibility of the
intensity was better than 10% over a period of several i,'urs. Background
noises were negligibly small in the spectrum obtained by electron impact while
dark counts for Rg** impact were 15-20 cpm.

III. EXPERIMENTAL CHARACTERISTICS OF NEGATIVE CLUSTER-ION FORMATION
When Rg** or electrons are allowed to collide with a cluster with a size n,

(M)n (M=C02, OCS, CS2, CH3 CN, SF6 , NO, N20, C5H5N and C5H5N+"20), negatively
charged cluster ions are produced as summarized in Table I.

Table 1

M observed in (RAI) mL observed ion (El) ML

Co2  (c02 ); 7 (co2)m 3

OCS (OCS)- 2 no data

CS2  (CS2 ) 1 (cS2 )m I

S(CS2)m - 0

CH3CN (CH3CN)M 10 (CH3CN)M
(very weak)

SF6  (SF6)m -  I (SF6) 1

SF3

N02(N203) 0 N02(N203)m - 0

NO N03(N203)m - 0 N03(N203)m - 0

N204(N203)m - 0 N204(N203)m - 0

N20 (N20); 10
O(N20); 6 O(N20)m - 0

C5H5N (C5H5N); 4 (C5H5N); 4

C5H5N+H20 (Cs511N)m(H20)m ,  m+m'=4 (C5N5N)m(H20)m' m+m' =4

(C5HsN)3(H20)k - (CsH5N)3(H20)k -

(the most abundant) (the most abundant)

1!_kg4 lki4

I. Negative Ion Formation by Rydberg Atom Impact (RAI)
In all the clusters studied except for those of NO and N20, the dominant

product ions are (M)-, as exemplified in Figs.3 and 4. These spectra have the
following common features: (a) The spectra obtained by use of different rare
gases are almost identical (see Fig.3). (b) The intensity of (M)- rises at a
threshold size, m1 , increases with increasing m, passes through a broad maximum
at about m +lO an falls off gradually. (c) Several outstanding peaks are
discernible at mm. (magic numbers). (d) A depletion region (11 < m < 13) is

found in the spectrum of (CO2 )m (see Fig.4).
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29

(CH3CN)n 21 25 3616

14
10 1

500 1000 )SOO

16 21 25

10

Fig. 3
The mass spectra of (CH3 CN)- produced from (CH3 CN)n in collision with TXr**

(upper panel) and Ar** (lower panel).

16 i - CO0
171-20 -  

(0)C 2 4 (0H)n

o 10 2 2

I--

I-

I-

500 1000 1500

MASS NUMBER (r/el
Fig. 4

The mass spectra of (M); (N-C02 , OCS and CS2 ) from (M)n produced by Kr**
impact.
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k=0 1 2 3 . 5 6 7 8 9 10 Nf(N2 03) k

N \ N204"(N203) k

500 10C0
MASS NUMBER (role)

Fig. 5
The mass spectrum of the product ions form (NO)n in collision with Yr**.

On the other hand, the clusters of NO and N20 are dissociatively ionized, and
jNO2(N2O3)m]-, INO3(N203)m]- and IN0204(N203)m- are generated from (NO)n, while
[(N20)mO- in addition to a small amount of (N20)- are generated from (N20)n.
As an example, the spectrum for (NO)n is shown in Fig.5. The spectra for (NO)n
and (N20)n both exhibit features similar to those mentioned above ((a)-(c)).
Especially in the C5H5N+H20 cluster system, IC5H5N)m(H20)m']- are detected for
m+m'=4. Furthermore, the intensity of the negative ions have - maximum value at
m'+m=5-7, asshown in Fig.6.
2. Negative Ion Formation by Election Impact (El)

In comparison with the ionization by RAI, the present El ionization reveals
the following properties common to all the cluster systems investigated: (e) The
cross sections for the negative ion formation by El are 10-3-10

-4 
of those by

RAI. For example, (CH3CN)- is not efficiently produced by El on (CI3CN)n. (f)
Fragmentation associated with bond rupture of the component molecule occurs
extensively in the El ionization, as is shown in Fig.7. In the cases of C02 ,
OCS, CS2 and SF6, (g) the size distributions given by El are found to be
significantly different from those by RAI. Figure 8 shows an example, where the
size distributions of (CO2 )m for El and RAI are given. Ions with smaller sizes
tend to be more populated in the El ionization and the magic numbers in the
spectra for El differ from those for RAI. (b) In the cases of NO, N20, C5H5 N

and C595 N+H20, on the other hand, the size distributions of the product ions
given by El are found to be almost identical in shape with those given by RAI.

IV. IONIZATION PROCESSES BY RYDBERG ATOM IMPACT
1. Two-Step Mechanism

The collisional ionization of a cluster with Rg** can be accounted for in
terms of a two-step mechanismp that is,
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C

m 123 4 1 2345 12345 123456
m" 3 2 1 0 4 3 2 1 0 5 4 3 2 16 5 4 3 2 1

m +m' 4 5 6 7
Fig. 6

The size-distribution of a hydrated pyridine cluster anion, (C5H5N)m(H20) ,produced from (C5H5N)n(H2O)n , in collision with Kr**.

(CS2)n Ar - (C S 2)rn - Ar

12

(C S2)n e(5ev)"- (CS 2 )n , (CS 2)M"S

(CS2)m-S2-, etc.

Fig. 7
Comparison of the mass spectrum of (CS2)m produced by RAI with that by El.
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32

(C02) 32

-- a--EI 21
"-' RAI1 od \/'

166
16

14

" It

m 1 5 10 15 20 25 30 35
Fig. 8
The size-distribution of (C02)mproduced by RAI in comparison with that by El.

(M)n + Rg** (M)-* + Rg
+  

(3)
(M)-* (M)- + (n-m)m (4)
(M)* intracluster atomic rearrangement (4)'

In process (3), the Rydberg electron of Rg** having a kinetic energy of -10 meV
is transferred to an extended electron affinity state of (M)n which retains its
original geometry. The transferred electron in the extended state transmits its
energy efficiently to the vibrational modes of the cluster (6) and is
successively trapped into one component molecule. The energy released by the
trapping is removed by evaporating n-i (-p) molecules of M (process (4)). In
some cases, the cluster ion, (M)-*, is excited in a repulsive state anA
fragmented into specific cluster ions (process (4)'). As argued in the
following sections, the electron relaxation in the cluster varies cluster to
cluster depending on the properties of the component molecule.
2. Non-Evaporative Ionization

In the case of the SF6 cluster, (SF6 )n, the excess energy released is
estimated to be so insignificant that the cluster does not seem to evaporate
sizably as argued below. When the Rydberg electron is attached to (SF6 )n, the
electron is trapped in a particular SF6 molecule to form a vibrationally excited
SFg* (1). Its vibrational energy is approximately 0.5 eV which is the electron
affinity of SF6 (7). This energy is transmitted to the intermolecular motions
of the surrounding SF6 , namely, the vibration of van der Weals bonds within 1 na
(8), and hence t&e effective temperature of the cluster ion is increased. In a
typical case for n=59 the effective temperature rise, AT, amounts to about 180
K, because 15 intramolecular modes of SFg and 24 interolecular modes of the
cluster are expected to take part in the energy dissipation. This AT decreases
with tho size, n. Since the effective boiling temperature at which evaporation
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becomes appreciable is estimated to be higher than 210 K, which is the

sublimation temperature of solid SF6 (9), it is unlikely that substartial

evaporation participates in the ionization of (SF 6 )n(n=5) by RAI. This argument

is also valid in the case of (CH3CN)n. The released energy is estimated to be

about 1.5 eV, the sublimation energy of the monomer anion in the cluster, which

is calculated on the assumption of the charge-dipole interaction between the

anion and its solvated core. In this case, AT is at most 300 K 'ir n1
3 

and is

probably below the effective boiling temperature of (CH 3 CN)n expected from the

well depth of the Lennard-Jones potential of CH 3 CN (10). Accordingly, no

significant evaporation takes place. The magic numbers at mM=13, 16, 19, 23, 26

and 29 (see Fig.3) may be related to the stability of the neutral cluster.

However, this conclusion is not definitive since even a small amount of

evaporation possibly alters the size distribution. Similar arguments can be

applied to (C5H5N)n and again these clusters are considered to be non-

evaporative in the ionization processes, since AT is about 300 K for (C5 H5 N)5

while the boiling point of C5 H 5 N is 388 K.

3. Evaporative Ionization

The depletion region observed in the (CO 2 )m spectrum (see Fig.4) is

ascribable to the evaporation of CO 2 from the initial cluster ion, (CO2)n-*, as

described below. The energy released in process (4) could be as much as 3.5 eV,

the difference in energy between C02 - in the linear and the bent configurations
(11, 12). In a typical cluster with n=13, this energy difference corresponds to

an effective temperature of about 900 K, which is well above the temperature

range where the evaporation rate becomes appreciable (13). Therefore,

evaporation i certain to occur. p(-n-m) can be regarded as a constant value,

P0, because the temperature rise is not strongly dependent on n. However, p

becomes conspicuously small for mM <nrmM+p0 , since the evaporation ceases when a

distinctly stable cluster ion, (M);M, happens to be formed during the

evaporation. This sudden decrease of p gives rise to a depletion region iust

below mM having a width of p -1 in the spectrum: (M)* with n=mM boils off p0
molecules of CO 2 . On the ot~er hand, no ions are produced by dissociation from

higher cluster ions in 'he depletion region because of the presence of (M)

Since mM=1
4 

and 16 and the size gap of the depletion region is 3 (finding (1)),

one can conclude that at least 4 molecules of CO 2 are evaporated in process (4).
In the case of (CS2)n, our study on the dependence of the stagnation pressure

of the ion signals shows that one molecule of CS 2 is eliminated in process (4)

(2 n:7), that is, p=l '4). On the other hand, (GCS)n exhibits intermediate

characteristics between those of the other clusters probably because of its

intermediate nature between CO2 and CS2:mL=
2 

and the evaporation of 2 or 3

molecules evidenced by a gentle rise of the intensity in the threshold region.

4. Dissociative Ionization

The ionization of the NO and N 2 0 clusters by RAI can be explained by a series

of intracluster atomic rearrangements (process (4)), wher, N2 molecules are

ejected from the initially formed cluster ion, (M) * (M=NO and N 2 0). In the

case of NO, atomic rearrangements occur among NO molecules in the cluster when

it is negatively charged by electron transfer from Rg**. It is conceivable from

the observed product ions (see section 2 of Chapter EII) that the intracluster

atomic rearrangements proceed via the following processes:

(NO)n + Rg** NO-*(NO),-i + Rg
+  

(Electron Transfer) (5)

NO-*(NO)n- X-YlY2(NO)n_4  (Formation of Center Ion) (6)
Y=N02 , N2  (X-=NOI)

Y-NO,N2  (X-=NOI)

Y=N2  (X-=N20&)

X-YIY2(NO)n.4 X-YY2(N2)j(N203)k(NO)1 (Formation of N 2 0 3 ) (7)
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N-YlY2(N2)j(N2O3)k(NO)i
- X-(N203)k + Yl + Y2 + jN2 + INO (Evaporation of Molecules) (8)

In the evaporation process (process (8)), the N203 ligands are left in the
charged cluster probably because the dipole mcment and polarizability of N203
are the largest among other species, N2 , NO and NO2 , so that N203 is held by its
center anion most firmly.

In the case of N20, a dissociative ionizition with an intramolecular bond
rupture and a simple evaporative ionization seem to proceed simultaneously; the
former and the latter give [(N20)mO - and (N20);, respectively. In the former
case, the excess energy in the initial ion, (N20)n , is carried away by the
ejection of N2 , and hence no significant evaporation of N20 is conceivable. In
other words, (N20)n is dissociatively ionized to be [(N20)nlO]-. The latter
process is similar to those of CO2 etc. (N20),* is formed by vertical electron
transfer from Rg** and is then stabilized by trapping the Rydberg electron in a
particular N20 in a bent configuration (14). It is highly likely that
evaporation is followed by the electron transfer.
5. Vertical Electron Affinities of the Clusters

In a cluster whose monomer unit has negative vertical electron affinity, the
negatively charge cluster ion starts to appear at a threshold size below which
no ion is formed (see Table i). On the basis of the two-step mechanism, the
cluster size nL beyond which the vertical electron affinity of the cluster turns
to be positive can be estimated from the observed mL values and the p( n-m)
values. That is, nL is given by the sum of p and mrL. The n values thus
obtained are listed in Table 2. Here, in the ionization of the N20 cluster, it
is postulated that [(N20)n-lO ]- is produced via (N20)j*.

V. Comparison with Other Ionization Processes
Thermal electrons also attach to the neutral clusters investigated (see

Table 2

M mL p( n-m) nL

CO2  7 4 11

OCS 2 2-3 4-5

CS2  1 1 2

SF6  10 0 10

NO - - -

N20 6 1 7

C5H5N 4 0 7

C5 H5N+H20 4* 0 4

(C5H5N)m(H20)m, - starts to appear for m+m' 4.

Chapter lI). Similar studies are also reported by other groups (15). The two-
step mechanism appears to operate in the E1 ionization on the basis of the
results given in Chapter III and the reported results. In the case of EI, the
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kinetic energy of the incoming electron is so much larger that the attachment

cross section (similar to process (3)) should be smaller and the relaxation
(process (4) or (4)') should be more extensive. Indeed, the cross sections for
the production of the negative ions are found to be three to four orders of
magnitude smaller than those for RAI (see feature (e) in Chapter II). The size
distributions given by El differ from those by RAI (see feature (g) or Fig. 8),
probably because r - larger amount of evaporation from the clusters owing to
the collision with the energetic electrons. The extensive relaxation in the EI
ionization is also evidenced in the mass spectra in which many fragmented ions
are observed (see feature (f)).

It is reported recently that electron attachment to a weakly bound molecular
cluster has been carried out by using endoergic electron transfer between an
alkali metal and the cluster (16). In this collisional transfer, the electron
jump occurs in the strong transient Coulombic field of the departing alkali
cation and hence is proved to be adiabatic at least for the dimer. However, the
adiabatic electron attachment is not permitted for clusters larger than dimers.

Low energy electrons emitted from a metal surface thermoionically or by
photon impact are injected into a condensation zone of a supersonic expansion.
Negative ions, (H20)n and (NH3 )-, are detected under conditions where neutral
H2 0 and NH3 clusters are grown (17). This method is powerful for growing
adiabatically negative cluster ions which are otherwise difficult to
produce . The attachment proceeds under a multiple collision condition so that
the cluster ions thus produced are relaxed and do not carry information on the
corresponding neutral clusters. This ionization is particularly useful for the
studies of thermodynamical properties of negative cluster ions. Swarm
experiments can also be classified into multiple collision types of studies
which are reviewed in the same proceeding (18).

In comparison with these techniques, the method of RAI is particularly
suitable for dynamical studies of the electron capture processes to weakly-bound
systems, such as van der Waals clusters. The Rydberg electron having a
subthermal energy is expected to perturb the clusters in a much lesser amount,
as argued in the previous sections.

Vt.Future Prospects
The method of a gentle and efficient production of the negative cluster ions

achieved in the present study provides an opportunity to study the dynamics of
electron attachment processes to weakly bound systems such as van der Waals
clusters. In order to gain further insight into the ionization processes, more
elaborate experiments should be undertaken. First of all, the cross sections
for the production of cluster ions should be measured as a function of the
cluster size, n, and the principal quantum number, np. It is also essential to
obtain internal-state distributions of the cluster and to determine more exact
numbers of molecules evaporated in the ionization. A cluster beam with a narrow
size distribution is necessary in any case.

From a theoretical point of view, the two-step model can be treated by a
similar technique utilized in electron scattering by a solid surface, and a
size-dependence of the attachment cross sections can be estimated (19).
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STATE SELECTED ION-MOLECULE REACTIONS BY TESICO

Inosuke KOYANO, Kenichiro TANAKA, and Tatsuhisa KATO

Institute for Molecular Science, Myodaiji, Okazaki 444, Japan

Some recent results are reported for the state selected ion-molecule reac-
tions obtained using the TESICO (Threshold Electron-Secondary Ion Coinci-
dence) technique. Reactions studied include both charge transfer and rear-
rangement ones, and the states selected range over vibrational and vibronic
states of diatomic ions, vibrational states of polyatomic ions, and spin-
orbit states of rare gas atomic ions. As prototypal examples, the results
on the following reactions are presented and discussed in some detail:+ + + + 2 + 2+
H2+(v) +He ,HeH+ + H; D2 (v) +N 2 -N2 +D; N2 X z , v;A nu,v) + D2 -N2 

+ D2

2 4 22 2 +32 2 + u 2

02+ (v)+CH4  CH30 2+ +HCH3 +HD2'CH 4 +02 C2H4 ("2'v 4 ) +C 2H4 'C3H5 +CH3
"

1. INTRODUCTION

It is more than ten years since the exciting new field known as state -to -
state chemistry was opened up in chemical dynamics (1,2). This was evidently
brought about with the advent of new chemical and tunable lasers which can pre-
pare reagents in specific internal states (3,4) or identify internal states of
nascent reaction products (3,5). However, the laser technique has severe limi-
tations, especially when applied to the state selection of reagent molecules.
The wavelength range covered by a single laser is highly limited and thus no
single laser can excite molecules successively to a series of internal states of
interest ranging over wide energies. Also, different lasers are needed for dif-
ferent molecules. Moreover, the laser technique is not a direct one. Informa-
tion on a state selected process is usually deduced indirectly by subtracting a
measured number from anuther, neither of them being a quantity belonging to the
single state in question. Furthermore, these two numbers are usually obtained
in two "experiments", i.e., these are not obtained from simultaneous measure-
ments on the same system. Thus slight changes in experimental conditions be-
tween the two experiments often cause serious error in the final results ob-
tained, since very small signal changes are dealt with in these experiments.
For these and other reasons, the number of molecules or states studied with the
laser technique has not been so many as expected at the beginning.

In ion-molecule reactions, selection of reagent internal states is possible
based on a completely different principle. Ions, when produced from parent
molecules by photoionization, generally populate all energetically accessible
internal states and the emitted photoelectrons carry the information on the in-
ternal state of the corresponding ion. This very fact enables us to study re-
actions of ions in each of these populated states separately and directly.
Namely, by measuring reactant and product ions in coincidence with photoelec-
trons of a particular kinetic energy, we can selectively detect only the react-
ant ions in a single internal state and the product ions produced from reactant
ions in that state.

Seven years ago, we took this advantage to develop a technique named TESICO
(Threshold Electron- Secondary Ion Coincidence) for the study of state selected
ion-molecule reactions. Ever since the technique has successfully been applied
to the selection of vibrational and vibronic states of diatomic ions,
vibrational states of polyatomic ions (including multi-mode cases), and spin-
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orbit states of rare gas atomic ions, thus proving to be very versatile. In the
present paper, we present and discuss some recent representative results
obtained with this technique.

2. EXPERIMENTAL

The apparatus which we constructed for these purposes is nicknamed TEPSICO
and has been described in detail (6,7). It consists of six major parts, as
shown schematically in Figure 1: a helium Hopfield continuum light source (LS),
a I m Seya-Namioka vacuum monochromator (M), an ionization chamber (I), a
reaction chamber (R), a hemispherical electrostatic electron energy analyzer
(EA), and a quadrupole mass spectrometer (Q), these being assembled together via
a six-stage differential pumping system.

The primary ions A and corresponding electrons are produced in the ioniza-
tion chamber I by photoionization of parent molecule A by the monochromatic
vacuum ultraviolet radiation from M. The ions and electrons are repelled out of
the chamber in directions perpendicular to the incident photon beam and opposite
to each r '-r. The electrostatic electron energy analyzer EA, together with the
straight ,.,ction L which serves as a steradiancy analyzer, selects threshold
electrons from thole having finite kinetic energies and allows them to pass to
the channel multiplier. The ions, on the other hand, are extracted from the
ionization chamber, formed into a beam of desired velocity by a lens system L
and focused into t~e reaction chamber R, where they react with neutral molecue
B. Product ions C , as well as unreacted primary ions, are extracted from the
reaction chamber in the same direction as the primary ion beam, mass-analyzed by
a quadrupole mass spectrometer Q, and detected by another channel multiplier.
These ion signals are then counted in coincidence with the threshold electron

L4 L3.,

~TEPSICO

L1 
P6

P3 4-- P7

FIGURE 1
Schematic diagram of the TEPSICO apparatus. LS: light source;
M: monochromator; I: ionization chamber; R: reaction chamber;
Q: quadrupole mass spectrometer; EA: electron energy analyzer;
Pl-P6: pumping ports; Ll-L4: lens systems for electrons and ions.
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signals using a standard A-

technique involving a time-
to- pulse hight converter and
a multichannel analyzer. S2

In some of the studies, . --
the above threshold electron
analyzer was replaced by a Is,

non - line - of - sight
steradiancy analyzer (8) of A-

our own deF gn. Its schematic '0 -

is shown ii, Figure 2. This
analyzer was found to give 4-
5 time more intense threshold
electron signals than the Non Line-of-Sight
above one, although the res- sterodiency Analyser A-A*

olution is somewhat lower.
Some reactions with very small
cross sections could be FIGURE 2
studied only with this ana- Schematic diagram of the non-line-of-sight
lyzer. steradiancy analyzer.

In preparing and selecting
a series of internal states successively, the threshold electron method with
variable-wavelength light source as adopted here has several advantages over
the method involving fixed-wavelength light (e.g. 584A) and analysis of ener-
getic electrons. First, -he collecting efficiency for threshold electrons is
much higher than that for nergetic electrons and, in addition, do not suffer
the effect of different angular distributions for different photoelectrons.
Second, we do not have to calibrate for the transmission coefficient of the
analyzer, which is a function of energy of electrons to be transmittea. Third,
in the threshold photoionization, we can often produce ions efficiently in
those states that are not attainable in the fixed wavelength photoionization
because of unfavorable Franck-Condon factors. This is possible through auto-
ionization from near- resonant neutral excited states, which very often occur
even with diatomic molecules. Such examples are given in the next section.

3. THRESHOLD ELECTRON SPECTRUM AND THE APPLICABILITY OF THE TECHNIQUE

The TESICO technique is versatile in the context that it is applicable to any
state of any ion provided the state is resolved in the threshold electron spec-
trum (TES). Thus the TES characteristics are the most important factor in dis-
cussing the applicability of the technique to a particular internal state. In
this section, we present some examples of threshold electron spectrum to show a
variety of internal states that can be studied with this technique.

As an example of diatomic ions, we first show in Figure 3 a TES of N , taken
with energy resolution of the analyzer of -.14meV (FWHM) and a photon bindwidth
of 0.5A (FWHM) (9). As is usual with the moderate resolution photoelectron
spectra of diatomic molecules, well -resolved vibrational progressions are
clearly seen. However, a big difference of this spectrum from the Hel photo-
electron spectrum (P S) Pf N is the greatly enhanced intensities for the
v= 1- s? es of N2 (X )' If one looks at a Hel PES of N , it is seen that
the N (X E ) ions are overwhelmingly dominated by v= 0, with v = 1 of less than
10 %ahd essetially none of v?2, in agreement with the Frank- Condon distrib-
ution. Thuq, V .ne were to use a Hel photoionization, one could study reac-
tions of N (X )only for v= 0 and 1. In the threshold technique, the ions of
all v up t9 v= 4%re efficiently produced via autoionization through neutral
states lying close to the individual vibrational states of the ion. All these
ionic states could conveniently be studied in the reaction and this fact demon-
strates the advantage of the threshold method mentioned in the preceeding
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section.
The second progression corresponds to the vibrational states of N (A n

and exemplifies the feasibility of the technique to study reactions 9f vibPonic
states. There exists, however, another prerequisite in order for an electron-
ically excited state to be studied with this technique. That is, the state in
question must have a radiative lifetime which is at least comparable with and
preferably longer than the flight time 9f t e ion between the ionization and
reaction chamber. The levels in the N (A n ) state satisfy this condition,
haYing a rgdiative lifetime longer thah l0su (10), although the transition
A n -X 2Z is optically allowed. Thus, we could study several reactions of
these vibr~nic states (11).

In the case of polyatomic molecules, PES or TES are usually broad and vibra-
tional structures are not well reolved. In such a case (e.g. in CH4 ), we canstudy reactions of corresponding ions only as a function of internal energy
content and not in terms of selected states. However, there exist several
favorable cases even with polyatomic molecules. As examples, we show in Figures
4 and 5 the TES of acetylene (12) and ethylene (13), respectively. Acetylene is
a case in which progression of only one mode of ionic vibration appears in TES
or PES in the threshold region. This progression is well resolved, as can be
seen in Figure 4, and is assiged to the v2(C-C stretching) mode. +Thus we can
study the roles of this mode of vibration in the reactions of C2 H 2  (12) just as
in the case of diatomic ions.

In Figure 5, it is seen that the TES of ethylene is also structured, although
peaks are broader than those in acetylene. Four major peaks+are assigned (14)
to the (0000), (0002), (0100), and (0102) states of the C H ion (the numbers
in the parenthesis represent quantum numbers of - ), lhough there seems to
be considerable overlapping of the (0010) and (001 2) 'tates, respectively, on
the third and fourth peaks. Thus the system involving ethylene provides a
unique opportunity to investigate roles of vibrational energies in two different
modes, i.e., mode specificity in bimolecular reactions. 2

Two spin- orbit states (J= 3/2 and 1/2) of rare gas ions in the P state con-
stitute another important class of internal states that affect chemical reac-
tions and can conveniently be selectrd by means of TESICO. The TES of rare
gases, e.g., of Ar (ngt shown), 2co, -ts of well- resolved simple two peaks
corresponding to the P,,2 and P states of the ion, indicating that the
reactions of these state are most/6asily studied by TESICO (15 - 17).

A 21
765 4 3 2.1 0

_C TES of N2  5 4 3 2 1

f 0

650 700 750 800

WAVELENGTH / A4

FIGURE 3
Threshold electron spectrum of nitrogen molecule.
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452 1 0 z /S22

WAVELENGTH (A )
WAVELENGTH (A

FIGURE 4
Threshold electron spectrum of FIGURE 5
acetylene. Threshold electron spectrum of

ethylene.

4. SOME RECENT RESULTS

4.1. Endoergic adiabatic reaction: H2 + +He-'HeH + +H
The reaction

H2 + +He,-HeH
+ +H (1)

is one of the simplest ion-molecule reactions for which exact calculation of
potential energy surfaces is possible. Since the ionization potential of He
(24.6eV) is much higher than that of H (15.4eV), the excited and charge
transferred states of this triatomic system Hie far above the ground state so
that the reaction at low collision energies is expected to take place on a
single (ground) potential energy surface (so-called adiabatic reaction). The
reaction is endoergic by 0.80eV for H -(v =O) and becomes exoergic for v =4 and
above. Thus a considerable part of the interest in this reaction centered on
the problem of relative importance of vibrational and translational energies in
promoting endoergic reactions.

For these reasons, the reaction has been extensively studied in the past.
both experimentary and theoretically. Three experimental studies (18 - 20) con-
cerned the vibrational state selection. In two of these (18, 19) the effects of
both vibrational and translational energies were investigated, but the informa-
tion on the reactants' vibrational states was derived indirectly relying on the
propensities (21) in the autoionization of H2 near the ionization threshold.
However, the proportion of autoionization to direct ionization at a fixed wave-
length is largely dependent on the bandwidth. of photons used. Only a recent
thermal energy study (20) utilizes a direct technique. We have a~plied our
TESICO technique to investigate the state selected reaction of H '(v) for v 0-
4 as a function of relative kinetic energy between 0.4eV and 3.5eV . Results
are given in Figure 6, where relative cross sections are plotted versus total
available energy (vibrational + relative translational). Solid lines connect
data points of the same c.m. collision energy and the dotted lines connect those
of the same vibrational quantum number.

From the figure. several important features of this reaction are clearly
seen. First of all, remarkable vibrational enhancement of the reaction is ime-
diately evident from the solid line curves. The gradients of these curves are
sharper for lower collision energies, indicating that the vibrational energy
enhances the reaction more effectively at lower collision energies than at
higher collision energies. On the other hand, collision energy is seen to be
quite ineffective in promoting this endoergic reaction, as evidenced from the
v=O and v1= curves; with these low vibrational states, the cross sections are
quite small even when the total energy exceeds the endoergicity considerably.

Relative effectiveness of the two forms of energy is readily obtained by
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comparing cross sec- I I
tions for successive
vibrational states at z EcmO.4O eV
a fixed total energy, 0{on' H0(v 5He7HeH

and is found to be a _ 300 /'"
function of the total c)
energy. Such a com- LL 0.93

parison is numerical- v=4
for three total ener- (n 200/ 1 .

gies, 1.4, 2.5, and 0 3 o

3.4eV. It is seen
that the replacement I--a. 2.0
of a fixed amount of LU '\2 y "
translational energy > 100- Eth.
by the same amount of I-
vibrational energy a-
enhances the reaction WU . .---- B
considerably and that X 0
this effect is larger 0 2 3
for smaller total en-
ergy. For instance, TOTAL ENERGY / eV
the replacement of FIGURE 6
0.99eV of transla- State selected cross sections for reaction (1) as a
tional energy by vi- function of total energy.
brational energy
(corresponding to the energy of v =4) enhances the reaction by a factor of 110
at 1.4eVof total energy, while it is only by a factor of li at 3.4eV.

When the cross section for each vibrational state is viewed as a function of
collision energy, it is found that, in all the cases except for v=0, the cross
section first rises sharply at an energy that exceeds the threshold by a certain
amount, passes through a maximum, and then decreases sharply untill it reaches a
common, non-trivial value. The peak position is shifted to smaller energies as
the vibrational quantum number i: increased. All these features are consistent
with the significant involvement of the spectator stripping mechanism (22) in
these reactions of the vibrationally excited ions. The common, non-trivial val-
ue of the cross section that is reached by all reactions when the collision en-
ergy is increased seems to correspond to some other mechanism. The cross sec-
tions for v=0 rises much more slowly and peak is hardly discernible. The v=0
reaction seems to proceed via a non-spectator-stripping mechanism.

The essential features of the above results are in good agreement with previ-
ous studies (18, 19) and also with trajectory calculation (23) on a diatomics-
in-molecules potential surface ad-
justed to fit ab initio points. Table I. R~lative cross sctions for the
However, there exist several quan- reaction H (v) + He - HeH + H at fixed
titative discrepancies in finer de- total energies.
tail between our and previous ex-
perimental studies. These discrep- Total Energy, Etot (eV)
ancies must originate from the dif- v E
ferent experimental conditions, (0) 1.4 2.5 3.4
such as the purity of the state
selection, definition of the kinet- 0 0.00 3 (1) 5 (1) 6 (1)
ic energies, and so on. 1 0.27 27 (9.0) 20 (4.0) 19 (3.2)

ra e2 0.52 132 (44) 36 (7.2) 22 (3.7)
4.2 Charge transfer anr 3 0.77 275 (92) 84 (16.8) 32 (5.3)

rangement in the (D +N ) system. 4 0.99 20 (12) 14 (34) 66 (11)
This is an exampie of four- 4 0.99 320 (107) 170 (34) 66 (11)

atomic systems (AB +CD) on which
we have performed rather extensive
studies over the last few years. In these systems,
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charge transfer and rarrangement reactions often compete,+with the same rjar-
rangement product ABC being formed from both reactions AB +CD and AB +CD

Figure 7 shows the experimental results for the reactions

02+(v) + N2 - N2+ D2 (2a)

- N2D
+ + D, (2D)

obtained at 2.5eV of collision energy. Here, vibrational states of 0.+ was
selected up to v =7. As can be seen from the figure, it has been found that
the cross section of reaction (21) shows a very interesting variation as the
vibrational quantum number of 0 changes: The cross section varies regularly,
increasing at odd quantum numbe~s and decreasing at even quantum numbers (upper
panel ). In contrast, the cross section of reaction (2b) is found to be almost
independent of the vibrational quantum number (lower panel ). These trends are
essentially the same for all collision energies studied (2.5, 6.0, and 9.0eV).

On the other hand, the results for the reverse reaction, i.e., for the reac-
tions

N2+(E v) + D2  D2+ ++ + 2  (3a)

- N2D + D, (3b)

are shown in Figure 8. Here e denotes an electronic state, and the states
selected are v=D-3 of N2 (X 2E) and v=0-3 of N2 +(A'2T) It is seen that,
while the cross sections for both reactions (3ai and (db) are almost independent
of the vibrational state in the X 4+ electron c state, they exhibit interesting
dependences on the vibrational state in the A nu electronic state. Moreover, the
effect of the electronic excitation to the A 2Du state on the magnitude of the

D2+ N2  EcM= 2.5 ±0.5  eV

z+ - N2 + D2
O
--10-

()

0 0 1234567

--

W 5 -- ND+ +

0 0 1 2 3 4 5 6 7

VIBRATIONAL STATE OF D2

FIGURE 7
Vibrational state selected cross sections
for reactions (2a) and (2b).
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N+ D2 Ecm l. 3±0.4 eV

zo 8- D2++N2

0~ 4- - - 4
W

U,
0 4(A)

V)o) 40-
cc N20+ D

2C-

FIGURE 8 c
Vibrational and vibronic 0 1 2 3 0 1 2 3
state selected cross sec-
tions for reactions (3a) - L-A
and (3b). VIBRONIC STATE OF N2

cross sections are found to be quite different between the two channels (3a) and
(3b). This latter point is more conspicuous at lower collision energies.

The distinct vibrational state dependence of the cross sections for reaction
channels (2a) and (2b) would suggest that the chemical reaction+(2b) proceeds
adiabatically on a potential energy surface correlating with D2 +N at infinite
intermolecular separation (i.e., without hopping to the D +N surface). On
the other hand, the similarity in t~e Yi rational state d~pengence between reac-
tion channels (3a) and (3b) with N, (X ) would indicate that the chemical
reaction (3b) with this jtate proceds vA a nonadiabatic transition to the sur-
face correlating with D +N2 at infinite intermolecular distance. Thus, the
reactions from both reactant pairs consistently suggest that the rearrangement
products N2D +D correlate with the potential energy surface that correlatesth + 2+ +N x+
with the D (X 2 ) +N,(X z+)state, and not with the surface correlating with+ F + l g
the N2 (X E) + 2(X g

The above results might indicate that the probability of nonadiabatic transi-
tigns between these two syrfaces strongly depends on the vibrational state of
o but not on that of N - However, the origin of these devendences is not
ciear at present. From gur previous studies on the (Ar+ BC) systems (9, 15 -
17, 24, 25), we have empirically found that, for the systems in which such a
nonadiabatic transition takes place at fairly large intermolecular distances,
the vibrational state dependences of charge transfer cross sections are well
interpreted in terms of the energy defects and Franck -Condon factors between
the reactant and product states. In the present system, the extention of the
same consideration, including the Franck-Condon factors of both transitions

D2 (X z, v') -D 2 (X 1 9 , v) and N2 (X g, v) - N2+(X Eg, v'), is found hardly

to explain the experimental results. +
4.3. Reaction withmmultiple product channels: 0 +CH
The reaction of 02 with CH has received consigerablg attention in recent

years, since several experimenial studies (26 - 29) revealed that its overall
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rate constant varies in an interesting manner as a function of temperature or
collision energy. In a drift or flow-drift experiments, it has been found that
the extent of enhancement in the rate constant with increasing relative kinetic
energy is largely dependent on the nature of the rare gas used as a buffer (26,
27). This fact has been ascribed to different extents of drift-induced inter-
nal (vibrational) excitation of the 02 ion by collisions with different buffer
gas, premising that the vibrationally excited ions have higher reactivity toward
CH4 . Furthermore, it has been customary to assue that $his enhancement is due
to the opening of endoergic channels forming CHj or CH (26, 27). However,
there have+been no direct information on the re ctivitigs of the vibrationally
excited 0 ions with CH

We havi determined thg vibrational state selected (relative) reaction cross
sections for v= 0- 3 for each of the following three product channels of the02-+CH4 reaction.o02 +(v) + CH4 - CH302

+ 
+ H 

(4a)

- CH3  + HO2  (4b)

CH4  + 02 (4c)
The results obtained at 0.27eV of relative kinetic energy are shown in Figure
9. As can be seen from the figure, the present Vesults show, in a direct

manner, that the vibrational excitation of the 02 ions up to v = 3 indeed en-
hances the overall reactivity of these ions with methane. In addition, our
results clearly indicatp that
this enhancement for v = 1 and 2
is primarily due to the enhance- 0 +
ment of the exo~rgic channel (V) + CH4  Ec, 0.27 eV
producing CH 0 , and not due to 12 , -
the existenci gf endoergic chan-
nels that become accessible for Q)
these excited states, as was T
assumed in the previous studies. Q
The enhanced overall reaction LU Irate for the v =3 ions is seen L)
indeed to be due to the opening 

/of the endoergic channels, espe- L) IC
cially the charge+transfer chan-- CH 4
nel producing CH However, H 3 2
considering the eiative popula- Q- /
tions of the v=l-3 ions in the ( /\
drift or flow-driftr tubes / I \
under usual conditions, it would L 4I / ' \
obviously be incorrect to assume N I/  \
that the enhancement of the re- 'I /
activity by possible vibrational 7"
excitation in drift experiments
is due to the accessibility of +,.
the endoergic channels. 3

0 1 2 3

VIBRAT7 "VAL STATE

OF 02

FIGURE 9
Vibrational state selected cross sections
for reactions (4.)-(4c).
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4.4. Mode specificity in the reaction C2H4
4 + CH 4 - C3H5

+ + CHI.
Recently, there has been considerable interest in the mode specificity in

chemical reactions (30 - 36). Most of the studies from this viewpoint utilize

lasers to excite a molecule to specific states of different modes, and subse-

quent unimolecular processes of the excited molecule are compared. Obviously,

it is of great interest to examine whether some mode specific behaviors are also

observed in bimolecular reactions. We have performed such a study with the
reaction

C2H4+(v2 1 v4 ) + C2H4 - C3H5
+ + CH3. (5)

The possibility of selecting V2 (C - C stretching) and v4 (twisting) modes of

the C2H4
+ ion by the TESICO technique has been discussed in Section 3.

Experimental results are shown in Figure 10, where relative reaction cross

sections for the four states (v2, v4) = (0, 0), (0, 2), (1, 0), (1, 2) are

plotted as a function of the overall vibrational energy content of the reactant

ion. The three curves correspond to the average collision energies of 0.1, 0.2

and 0.8 eV, as indicated.
As can be seen from Figure 10, the cross section at the lowest collision

energy studied (O.leV) decreases linearly with increasing vibrational energy,
regardless whether these energies are carried in by the v or v mode. When we

go to a somewhat higher collision energy of 0.2eV, howeve;, it Is found that the

excitation of the v vibration to v=2 becomes to have no effect on the reaction

cross section Lcomplre between the (0, 0) and (0, z) states and between the

0I, U) and 01, 2) states], while the excitation of the v vibration to v=1
still has an inhibiting effect on the cross section [compare between the (0, 0)

and (1, 0) states and between the (0, 2) and (1, 2) states], At still higher

INTERNAL ENERGY / eV
0 0.1 0.2
I I I

Z . -3 = eV

C-E

2 -) 
-------

(n2 Ecrm 0.2 eV
0

E~cm=08e

.... ....------ .- ---

F-

C2 H*()fi) = CH - C3Hs CH3

(0,0) (0.2) (1,0) (1.2)

( v 2 .u )

FIGURE 10
Relative cross sections of reaction (5)
for four different combinations of the

v2 and v4 excitation.
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collision energy of 0.8eV, the cross section is completely independent of the

vibrational energy of both modes.
Here, it should be emphasized that although the deviation of the (0, 2) and

(I, 2) points from the dashed line (at E = 0.2eV) is small, the repeated mea-

surements with long data-collecting timi gave always the same result and the

error bar for the (0, 2) state never reached the dashed line. The somewhat

longer error bar for the (1, 2) point is ascribed to the poorer resolution of

this state in the threshold electron spectrum. Thus, we believe that we have

observed a situation in which the two vibrational modes play different roles, i.

e., mode specificity, in a bimolecular reaction. The experimental result indi-

cates that this particular situation occurs only in a narrow, intermediate co)-

lision energy range.
Since reaction (5) is known to proceed via a long - lived intermediate com-

plex at collision energies covered in the present study, the observed mode spec-

ificity must be considered to originate from the different behaviors of the v2
and v vibrations in this complex. Recent studies on infrared laser photodisso-

ciatiAn of van der Waals molecules (35, 36) indicate that, although the energy

flow through a low frequency intermolecular mode is a very fast process having

a lifetime of the order of picosecond or even sub- picosecond, the rate of this

flow does not necessarily represent the rate of complete randomization of the

originally localized energy, but rather represents a rate for the very initial

energy migration process which takes place only into a certain group of modes

coupled strongly to the initially excited mode. Lifetimes for complete

randomization or subsequent re-concentration of sufficient amount of energy on

a particular bond to be ruptured (and hence the lifetimes for predissociation)

are found to be much longer than that for the above-mentioned energy flow 
(i.

e., the lifetime for the loss of identity of the initially excited state), often

being as long as a few nanosecond or even a few hundreds nanoseconds. Moreover,

the rates of these latter processes, as well as that of the initial energy flow,

are found to be mode- specific.
Thus, at present we interpret the observed mode specificity as originating

from the different rates of energy flow in the complex for the v and 4

energies of the reactant ion, which in turn lead to different lifetimes (with

respect to back decomposition) for complexes formed from the v2 and v4 excited

ions.
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LOW ENERGY ION REACTIONS MEASURED WITH GUIDED BEAMS

Dieter GERLICH

Fakultat fUr Physik der Universit t Freiburg, D 7800 Freiburg, FRG

This report is concerned with recent advances in the application of the
guided beam method and presents new results for some reactions and charge
transfer processes (C++ H2 , N++ CO, Ar++ 02 and CO, 3nd Ar+++ He). Experi-
mental progress involves the preparation of ion beams in the "sub - 0.1 eV
range", the precise calibration of their kinetic energy and the determin-
ation of product velocities in an octopole. The successful combination of
this technique with others (like photoionization or photon - ion coinci-
dences) will be briefly mentioned. The above choice of reaction systems
allows a comparison with other methods (SIFT, DRIFT, ICR, LIF and crossed
beams).

1. INTRODUCTION

The goal of this report is to summarize the state of the art in the appli-
cation of the "guided beam" technique (or more generally the use of inhomoge-
neous electrical radiofrequency fields) in studying ion-molecule reactions
at very low energies. Therefore we will limit our discussion to collision
energies below 1 eV, with emphasis on preparation and calibration of well
defined translational and internal energy distributions.

RF ion optics (except for quadrupole filters and traps) has been used, so
far, in a few laboratories only. In the first application (1), three elements
(an RF storage ion source, a focussing RF mass filter, and an octopole beam
guide) have been used to determine absolute values for integral cross sections
(2-5). Subsequently, in an high resolution and low energy scattering experi-
ment (also with a storage ion source), a long octopole was used to measure
product ion energies by the time-of-flight technique. State - to -state diffe-
rential cross sections have been obtained (6,7). In further developments com-
binations of the guided beam technique with different techniques have been
applied. Photoionization has been used for the study of reactions with state
selected ions (8-10). Photon - ion coincidences revealed specific featurec of
chemiluminescent reactions (11).

A few other experiments using octopole beam guides, predominantly for the
determination of integral cross sections have been reported recently (12 -
15). The preparation of an internally thermalized ion beam using the storage
source has been demonstrated for several ionic species (2,17, and 18). In this
summary, tinally, it seems to be worthwile to mention some unpublished work:
Special RF- traps have been used in order to determine thermal rate coeffi-
cients or long lifetimes of metastable ions. In laser beam - ion beam inter-
action, it has been demonstrated that a long octopole allows one to collect
slow photo induced products with high efficiency.

In this contribution, we want to discuss two improvements achieved with
a new guided beam apparatus: 1. The production of extremely slow ion beams (in
the meV range) and their use to measure effective cross sections down to
thermal energies (16). 2. The determination of product velocity distributions
in an energy range not accessible to other methods.

In the next paragraph we make a few remarks concerning the mathematical
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treatment of RF ion optics, and we will give - more for practical applications
- somc formulas for the calculation of operating conditions for multipee
arrangements. A brief description of the new "multi purpose" guided beam appa-
ratus follows with emphasis on a few -Aperimental details and measuring proce-
dures.

Subsequently, experimental results are presented for several reactions and
charge transfer processes. The selection of the systems has been partly moti-
vated by recent experiments performed with other techniques. This gives the
opportunity to discuss some advantages and disadvantages of the different
methods, although it is out of the scope of this report to give a survey of
the whole field of low energy ion reactions.

Thi following examples will be dealt with in this report:
For the endothermic reaction C++ H2 -CH+ H the precise form of the inte-

gral cross section in the threshold region is still under discussion (15,19).
The internal energy of CO+, formed in the charge transfer reaction N* + CO

-CO*+ N has been determined by lase'-induced fluorescence (20) and by an
ICR technique in which the recoil translational energy distribution of the
oroducts is measured (21). The results will be analysed using recent crossed
and guided beam data.

For Ar + 02,C0 results will be compared with recently published DRIFT tube
data (22).

Some "differential" cross sections, measured with the guided beam apparatus
for the charge transfer Ar + He- Ar + He' will be compared to recent
crossed beam experiments (23).

2. EXPERIMENTAL

2.1 Ions in RF fields
Ion optics using inhomogeneous oscillatury electrical fields (RF fields)

offer a variety of applications in experiments with charged particles. The
best known (but very special) examples are the quadrupole mass filter and ion
trap. For the mathematical analysis of the ion motion in such fields, approxi-
mate solutions for high RF frequencies have been given (24,25). A more ela-
borate treatment has beer, developed by E. Teloy (1). The most important re-
sults are:

Fig. 1. Ion trajectories %0. 
-

in an oscillatory octopole field.V0,
Sample ions all start in the

middle, but in different direc- 1901

tions and with different parame-

ters. The examples with 11
= 

0.1,
0.4, and 0.7 and with (r/r )m
0.88 illustrate, that the choice
of qm =0.3 and (r/r)m =0.8 guar-
antees a safe operation (for 1, GJ=ev
= 0.7, the energy is not con- %.0,
served). For the three energies ' 1,v
(0.1, 1, and 10 eV), E and V. are
constant. In the two last examp-
les only the starting angle has
been changed, demonstrating the 10ev
rotational symetry of the effec- /
tive potential: only the small
oscillations are different.
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The global ion motion (averaged over the fast oscillations, see fig.I) can
be deduced from an effective potential V' provided that the frequency is high
enough. This condition is fulfilled if the stability parameter 71 is smaller
than 0.3.

The general definitions for V andq are given in ref. (1) (formulas 7 and
10 respectively). Here we restrict the discussion to cylindrical multipoles
(2n-poles) which can be constructed out of 2 n rods arranged symmetrically
so that the diameter d of the rod and the inscribed circle fulfills the condi-
tion r.= (n-1).d/2. These boundary conditions define a potent;al which is in
good approximation given by the first formula in tab. 1. For the calculation
of the effective potential V* and the stability parameter 71 it is useful
to introduce the abbreviation E . This term corresponds to the kinetic energy
of an ion cycling in phase with the RF on a radius r.. The amplitude a of the
fast motion (in first- order approximation, superimposed on the smooth trajec-
tory) can be determined from the last equation in tab. 1.

)= (r/r) V, cos(nqp) (1) clectrical m , q mass and charge of the ion
potential V. RF amplitude at the electrode

W angular frequency (W= 2T~f)
E= -I mLsr2  (2) characteristic r, radius of the inscribed circle

2n energy Em maximal transverse energy
* 2 2 Numerical examples for an octopole:

= (r/r.) (3) effective po- n=4 (r/r,)m= 0.8 qm= 0.3
8 tential q.V,= 48.8 Em E = 78.1 Em

71=0D-- (q \0 (r/r )"-(4) stability pa- Units: u, cm, MHz, e, V
E rameter E = 1.03644/ 2n2 mfdr,

a r.= 0.3 m.f2
z= 679

o n- (r/ro) (5)c: amplitude of E= 0 M = I f = 26
the fast motion m = 679 f = I

Tab. 1 Formulas and numerical examples for multipoles.

For practical applications, two requirements must be met:
1. The maximum of the (r dependent) stability parameter isl)=m. 3 .
2. The trajectory in the large is limited by (r/r,)m=0.8.
The first condition assures that the effective potential approximation

remains good, the second guarantees that the ions don't hit the electrodes
(there is enough space for the fast oscillation having an amplitude a=.04.r, ).
These facts are illustrated in fig. 1. With these numbers one gets the simple
result, that for a singly charged ion with a transversal energy of 1 eV a
minimal amplitude of 48.8 V is needed (independent of the geometry and
the mass) and E /E, has a fixed value of 78.1. It is evident that the choice
of the frequency depends on r. and the mass, as demonstrated by the numerical
examples (tab. I).

2.2. Apparatus

The guided beam machine is in principle, the same as the apparatus pre-
viously described (1), consisting of a storage ion source, an RF quadrupole
filter, an octopole beam guide with a scattering cell, a magnetic mass spec-
trometer, and a scintillation detector. An improved ion source and a long
quadrupole (operating in a slightly different mode, see explanation in fig.
3) produces an (in most cases pulsed) intense ion beam with a very narrow
energy distribution. The most important modification refers to the interaction
region (see fig. 2).

In the present experiment the ions are injected into a first octopole (8a)
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surrounded by a short scattering cell at the exit. Electrodes (9 a-c) surroun-
ding the octopole can influence the potential in the interior. A second much
longer octopole is coupled (electrically and mechanically) to the first one

2 2a 2b I Q Ba 9 0 I b 1b 9 . Ic

Fig. 2. Schematic diagram of the new guided beam apparatus (approximatly
to scale). la-c) The bakable UHV System is pumped separatly by three turbomo-
lecular pumps; 2ab) and lOab) Gas inlet and capacitance manometer; 2) Storage
ion source (transparent in the axial direction); 3) shape of the electrodes
defining the storage volume; 4) cathode and electron beam; 5) Electrode (for
pulsing the ion beam); 6) RF mass and velocity filter (rod diameter 1 cm,
lenght 25cm); 7) Lens system for pulsing and focussing into the injection
electrode; 8) Octopole 1 (14 cm) and II (46 cm); 9a-c) Correction electrodes;
10) Scattering cell with quartz window; 12) acceleration towards the magnetic
mass spectrometer and scintillation detector (identical with 13) - 20) in fig.
1 of ref. 1).

0 4 10 12 N.

127 128 '29 N,

I N
x
, N number of half waves

Y

t ' C
+

Z _C
I- CW Ixz plane

S5 60 65 70 N, =O
RF AMPLIOUDE (V yz plane

Fig. 3a,b. Measured transmission functions of the quadrupole mass and velo-
city filter as a function of the RF amplitude V. (f=12.25 MHz, ro=.438cm,
U =.25 V, longitudinal kinetic energy 0.25 eV, a=0.00014, q=.0 16, for the de-
finition of a and q see (26)). The principle and purpose of the quadrupole
has been described in detail in ref. (1) but the operational mode is sligthly
different in the present experiment. Instead of three holes, transposed radi-
ally with respect to the quadrupole axis (see fig. 3 of ref. (1)), the only
boundary conditions for the ion trajectories are here the input and the exit
hole, having primarily the advantage of axial symmetry. Adding a DC difference
to the RF (both the DC potential and the effective potential are harmonic for
a quadrupole, see. tab. 1) the focussing conditions are different in the xz
and the yz plane as illustrated in fig. 3b. Transmission maxima occur at amp-
litudes (as can be seen easily in fig. 3a) were the number of half waves coin-
cide. For the preparation of a C beam, the (4/27) mode has been chosen where
the xz motion of the CH+ is still unstable.
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in such a way that the RF field does not change in the joint, but the ions
can be accelerated (or decelerated) by using different DC voltages. This long
octopole, guiding the ions from the scattering region towards the detector,
allows one to determine the axial velocity component of the products via the
time of flight (TOF) method.

The lowest limit to the ion kinetic energy in an octopole is determined
by surface potential variations. Although many different methods have been
tested in the choice of materials and the preparation of electrode surfaces,
long octopoles (-20 cm) have never guided ions with an average energy below
30 meV, in most cases the distortions have surpassed 50 meV. However it has
been demonstrated (see fig. 3 and (16)) that the problem can be reduced using
shorter octopoles (probably just because of statistical reasons).

For the determination of the kinetic energy distribution of the ion beam
in the interaction region (between electrodes 9b and 9c), two measurements
are routinely performed:

1. The test procedure, probing the potential inhomogeneities by slow ions,
reflected on artificial potential barriers.It has been described in (16), some
hints are given in the caption of fig. 4.

2. The actual energy distribution of the ion beam is extracted from a TOF
calibration procedure (measuring the flight time for several DC voltages in
octopole I and II). The accuracy is - depending on the energy spread typi-
cally 10 meV.

Fig. 4. Determination of the
largest (positive) potential Ur =300V.2
distortion and the lowest E0 r55m ,
energy transmitted through ,
a short range of the octopole
(scattering cell) by trapping
ions between the two ring 9. 2 _.
electrodes 9 band 9c. Elec- I ..
trode 9b is operated in a -
pulsed mode. After passage
of the ions it closes with
a high potential barrier this .6.V 8.V
side of the octopole while i .
a DC voltage U, on 9 c leads - I
to a potential barrier, which
works as an energy filter:............

Because the chance to sur-
mount the barrier depends TIME OF FLIGH4T

slightly on the angle of the trajectory, this region is semitransparent for
ions in a very small energy band. This results in the plotted time dependence
of the intensity (the main peak has been omitted). The average energy E. of
the semi-trapped ions is well defined by the time difference betweeen the
peaks and changes by only 0.18 meV per Ur=1 V. The time width of the peak
(at Ur=6OV) corresponds to an energy spread of only 4.5 meV FVHM. The additio-
nal TOF peaks in the last two distributions (marked by arrows) are due to a
potential distortion of about 6 meV, located approximately in the middle of
the scattering cell.

3. RESULTS AND DISCUSSION

3.1 REACTION I C* + H 2  - CH4 + H

Integral cross section for this reaction have been measured quite often and
are illustrative examples for errors caused by an erroneous calibration of the
energy scale, and for the need of very accurate absolute cross sections (e. g.
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for kinetic models of interstellar cloud chemistry). Only recently, Ervin and
Armentrout (15) have presented new results on that system obtained with an
apparatus with an octopole beam guide. Their results are shown in fig. 5 and
are in excellent agreement with former unpublished results from this labora-
tory (27).

Despite the improvement of the data relative to earlier experiments (cited
in (15)) the cross section is not characterized well enough, especially near
threshold. This becomes obvious in a recent reevaluation (19) of the rate
constants (also for the reverse reaction) at interstellar cloud conditions.
Chesnavich et al. show, that the experimental data are consistent with diffe-
rent cross sections leading to very different rate constants for the reverse
channel of reaction I. As discussed in full detail in (15) and (19), the main
difficulties arise from the energy spread, caused by the thermal motion of
the target gas. Three various trial functions, that have been used (15,19)
are plotted on the right hand side of fig. 6.

Due to the importance of reaction 1, we have recently reinvestigated this
process very carefully in the threshold region. The cross sections have been
pinned down with constant statistical significance through three orders of
magnitude. The center of mass energy half width of the primary beam is 7 meV
(CM). calibration of the energy scale is better than 3 meV (CM). The largest
error stems from the target gas temperature, which is mainly determined by
that of the octopole. Due to the absorption of some RF power the rods are
warmer (T=380 K) than the environment. In order to circumvent this problem,
some mesurements have been performed in an intermittent mode (switching the
RF with a duty cycle of 1:30) resulting in T=320 K +/- 10 K (total measuring
time 5 h).

In order not to be restricted by a given analytical trial function for the
deconvolution of the effective cross section, we have used a polygonal ansatz
(see fig. 6 and table 2). In accordance with (15) we have assumed a threshold
energy of 0.37 eV (accounting globally for the rotational excitation of the
hydrogen molecule). The corresponding effective cross sections are shown (on
a logarithmic scale) for three temperatures in fig. 6, they fit the experi-
mental data quite well. The accuracy of the relative values of the deconvolu-
ted cross section is smaller than the dotsize in fig. 6 (without taking into
account the error due to the assumed threshold value). The absolute values,
obtained with the three guided beam apparatuses are compared in fig. 5 (the
solid line represents our 380 K data) and are in good agreement. Nevertheless
an error of 20% is still possible, accounting for the uncertainty in the ef-
fective length of the scattering cell (especially with the short cell in the
present experiment).

As can be seen from fig. 6, the present result rises slower than the other
trial functions and stays below the function 2a ( equ. 15 of ref. 19). As a
consequence (comparing with fig. 3 of ref. 19) the cross section for the re-
verse reaction of I is decreasing at temperatures below 1000 K. Thermal rate
constants (the change of the rotational excitation is not taken into account)
are given in tab. 2.b. At 200, 500 and IO00K, these values are 100, 16, and
6 times higher than the currently accepted analytical expression (19) for the
temperature dependence of reaction I.

E(eV) (A') E eV) 2 T K) k(cm3/s T(K) k(cm3/s)
0.17 0.000 0.55 1.480 200 3.6 -0 2000 2.3 -11
0.40 0.364 0.60 1.624 400 2.4 -15 3000 5.2 -11
0.43 0.707 0.65 1.723 600 1.0 -13 4000 8.1 -11
0.46 1.049 1 0.70 1.790 800 6.9 -13 5000 1.0 -10
0.50 1.292 1000 2.2 -12

Tab. 2a. Points of the trial Tab. 2b. Thermal rate coefficients, cal-
function, approximating the cross culated with the cross section, given in
section in the threshold region, tab. 2. a.
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2 2

G7 A Aa~~ (Al)

0.8 0

002 0
02 Q/ Et (eV.CM) 07

0.4 o Fig. 6. Integral cross sections for the
reaction C' + H2 ----CH* + H.
Left part (log. scale): This experiment

I(dots, 320 K and 380 K), and calculated

.oI effective cross sections (solid lines
0 0320 K, 380 K, and 460 K), corresponding

0 trial function see tab. 2.

0 0.2 0.4 . 07  Right part (lin. scale):trial functions
E 02 .CM)-  used by the different authors:

1: ref. (15), 2a and b: ref. (19)
Fig. 5 Integral cross sections for dots: this work, see table 2.
reaction I. o: Ervin and Armentrout
(15), ACahnbley (27), broken lines: trial function used in ref.(15) (number 1
in fig.6) and corresponding effective cross section, solid line: effective
cross section, fitting the 380 K data of the present work.

3.2. REACTION II N* + CO - CO + N

The charge transfer process II has been studied by several groups in the
last two years in the sub-eV range. In a guided beam apparatus (fig. 7 and
16), the integral cross section has been measured between 2eV and 20meV beam
energy closing the gap between thermal energies and a few eV with a beam expe-
riment. Thermal rate coefficients, calculated with the deconvoluted cross sec-
tion, the analytical expression for which is given in (16)) are compared with
recently published values, obtained with a variable-temperature SIFT apparatus
(28):

Temperature 88 146 196 245 296 371 454
Guided beam(16) 10.3 9.5 8.8 8.2 7.6 6.9 6.3
SIFT (28) 9.7 7.2 6.7 6.3 5.9 5.3 4.6 1 0 cm3/s
Guided Beam (76%) 7.8 7.2 6.7 6.2 5.8 5.3 4.8

The SIFT results are in general about 25% lower which is within the combi-
ned uncertainties of the two experiments. But the decrease in k with rising
temperature is in excellent agreement as can be seen on the last two lines
of the table.

In order to get some information on the partitioning of the energy, several



548 D. Gerlich

Fig. 7. Integral 0 ..
cross sections (A2) -

for N++ CO -- CO' 100 N% CO N
+ N Dots: ref. 2
and this experi-
ment. Broken line:
Langevin cross
section, dash -

dotted line:
analytical trial 10 ,

function see
ref. 16) Solid
line (fitting
the experimental .
points): calcu-
lated effective 0.01 0.1 1 10
cross section. E, (eV.CM)

methods have been applied. The laser-induced-fluorescence (20) studies, per-
formed at a collision energy of 0.13 eV, resulted in a vibrational population
favouring with 81% the v=O state. In a crossed beam experiment (29) the trans-
lational energy of the CO+ products has been measured at laboratory angles
ranging from 0* to 70* (covering almost 80% of the accessible center of mass
velocity range). Fig. 8. shows product translational distributions, derived
from the scattering diagram in the usual way (23). As can be seen, the reac-
tion has, even at the lowest energy of 0.54 eV, a strong tendency to convert
most of the collision energy into internal excitation instead of channeling
the exothermicity into translation as predicted by Franck- Condon factors or
the LIF experiment.

The only method to extract some information on the translational energy
of the secondary ion at thermal conditions is the kinetic energy ion cyclotron
resonance spectroscopy (KEICR) developed by Mauclaire, Derai, and Marx (30).
This technique has recently been applied (21) to study the vibrational state
distribution as a function of translational energy (0.025 to 0.1 eV). Unfor-
tunatly, the evaluation of the experimental data (85% in v=O at thermal ener-
gies and a strong increase of the internal excitation with increasing trans-
lational energy) has been done without considering the averaging effects due
to the thermal motion of the target gas and the influence of the angular and
energy dependence of the cross section.

As a demonstration we have simulated numerically the ICR experiment for
two different vibrational population-: (a) P(O)=I and (b) P(0):.75, P(1)=.21,
P(2)=0.04, assuming completely thermalized ions. It is evident from the exam-
ple (fig. 9). that:1. data of much higher quality are needed (especially at
trapping potentials below 100 meV!) in order to deconvolute them, and 2. the
extrapolation method used in the evaluation in ref. (21) is misleading.

It must be mentioned that this simulation holds only for a completely
thermalized system (the ion velocity distribution must be a Maxwell-Boltzmann
distribution with the same temperature as the neutrals!). For any deviation,
e.g. for supra-thermal ions, the laboratory energy distribution depends
strongly on the CM angular distribution. This can be easily seen on a Newton
diagram, and is illustrated with the following numerical example (neutral tem-
perature 300 K, N* lab. energy 0.1 eV, translational exoergicity 0.52 eV
(v=O)). The mean value of the laboratory kinetic energy of the CO* ion ("nomi-
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nal" value 0.17 eV) is 0,33 eV or 0,10 eV, respectively, if the product is
scattered forward or backward with respect to the prinary ion.

VT (VIo.1 0.3 as

K-Facto,

v-0 100

0.54eV

.2 -1 0 1

TRANSLATIONAL EXERGICIY IeV) 0 Vv) 08

Fig. 8, Product tranlational Fig. 9. ICR data ref. (21) and simula-
distributions (29) tion (see text). VT: trapping potential

Similar problems complicate the interpretation of the LIF results as discussed
in (20, 31, and 16). For the determination of the state-to-state cross sec-
tions,the laboratory velocity distribution is needed to convert the measured
densities into product fluxes. Due to these problems none of the experiments
mentioned so far give conclusive evidence For the true internal state popu-
lation, The LIF product distribution has been interpreted (20) to match fairly
well the trend predicted by a Franck - Condon (vertical ionization) model,
whereas the beam data are more indicative of a strongly interacting inter-
mediate coitiplex.

Supported by low resolution angular distributions (ref.(16) a reaction
mechanism has been proposed which is consistent with all experimental and
theoretical information so far available,

Here, for clarity and simplicity, it will be explained exclusively with
help of the potential curves of the 3E- states of the (N..CO) isomer, (fig,
6 of ref. (32),

1. The charge transfer occurs at an avoided crossing at large distances.
The SCF/CI calculations (32) predict from the leading configurations an

avoided crossing between r(NC)= 5 and 7 bohr. The energy dependence of the
integral cross section predicts (within a simple model (16)) r(NC)=7.2 bohr
and a transition probability proportional to Eo* ,

2. The system crosses the critical region twice, but the overall transition
probability is not 2.P'(1-P) as in atom atom collisions and can be as large
as P + P.(1-P).

a) The transfer on the approach leads to the formation of a strongly bound
(several eV) intermediate complex, where all the energy can be partitioned
statistically (probably with some constraints favouring for example,the linear
conformation), During the dissociation an electron retransfer may be hindered
for energetic reasons,

b) If, on the other hand, the trajectory remains on the upper surface du-
ring the approach, the repulsive potential prevents the system from strong
interaction, and it has therefore a second chance for the electron jump,

The mechanism 2a and 2b lead to different angular and energy distributions
explaining the different experimental results (discussed in 16).The model is
also consistent with the fact that the rate coefficient reaches the Langevin

limit at low temperatures, Of course, due to different isomers and several
potential surfaces in three dimensions the reality will be more complicated,
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3.3. REACTION III a,b Ar* + CO - CO'* + Ir and Ar* + 0 - 0 + Ar

Reactions of Ar+ ions have been studied thoroughly since the early days of
ion molecule research (for a summary see (22)). In this report, these systems
have been chosen for two reasons. First, we want to discuss the comparison
between data measured with a FLOW-DRIFT and an ion beam apparatus, and sec-
ondly we want to give a first example for the determination of the kinetic
energy of product ions in an octopo'".

Fig, 10 shows the rate constant ,-, Ar + CO (22) as a function of the mean
relative kinetic energy and (in the same coordinate system but with different
meaning) the "effective rate" K*(V 1 )=Oetf (V)Vl as a function of the "nominal
CM translational energy" El =Ip/" V12 (P being the reduced mass of the system,
for a detailed discussion of this presentation of data see (1)).

For a comperiso of the two sets of data a careful distinction must be made
between the true cross section 0(V), which is the desired result, and the
actually measured quantities. In our beam experiment, the ion energy is much
better defined ( in this case within 25 meV) than the broadening due to the
target motion. Unfolding of the measured effective cross sections with the

IM Ar CO -- CO+ +Ar 0
C.... & •

rn2 A
U+

0 A

A +

003 0.1 E, (eV,CM) 1 3

Fig. 10 niORate constants (Flow Drift (22) ,Eeffective rate coefficient,

explanation see text.
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Fig. 11 Distribution of the axial velocity component of the ' products,
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well defined generalized Maxwell-Boltzmann distribution is feasible with good
data as demonstrated for the C++H 2 reaction but has not yet been done for this
system. With this cross section and with the (more or less well known) energy
distribution of the ions in the drift tube, the latter data should be simu-
lated for a precise comparison.

At low energies where both methods approach more or less the usual thermal
rate coefficient, the agreement is gratifying,

The minimum in the rate constant at a few tenths of an eV and the strong
increase above the threshold for the first electronically excited state (mar-
ked in fig. 10) have been observed and discussed in 22) for both 02 and CO.
In fig. 11 distributions of the axial velocity of 02 products are plotted
for two collision energies. At 0.27 eV there is still a remarkable amount of
the exothermicity channeled into translation (ions at right of the second
dashed line), but there is also a peak at the first dashed line, marking the
center of mass velocity, At this velocity all the available energy is trans-
fered into internal excitation. This peak gets even more dominant at 0.55 eV
where the the channel 0 (a'T)+Ar - 0.35 eV is energetically accessihle. For
a more quantitative analysis, the distribution of the transversal component
of the product velocities has to be determined.

Experiments towards that goal are in progress, in this report the method
wi'l be demonstrated briefly in the next paragraph for a simple atom-atom
charge transfer process.

3.4. REACTION IV Ar' + He - Ar+ + He'

Only recently have state resolved differential cross sections been measured
for reaction IV at energies down to 0.5 eV in a crossed beam experiment (23),
In order to obtain some more information in the interesting sub- eV range,
we have investigated this charge transfer process in our ouided beam appara-
tus. For the first time, not only integral cross sections (fig. 12) but also
absolute values for differential cross sections have been measured with this
technique.

6 A"°('P) + Hol'Sl -

Arl'Pl + He'Sl
55s

N -.

2

Fig, 12 Integral 0.
cross sections 003 o1 03 1 3
for reaction IV COLLISION ENERGY 1eV. (M)

The dependence of the integral cross section on the collision energy Et
can be represented by the formula

0 = P(Et) I R (I - Vpot(Re)/Et
where Rc= 4.7 A is the crossing radius between the polarisation potential

VPOL(R) and the Coulomb potential, attracting the reactants and repelling the
F odcts. The (impact parametpr averaged) pobability for a charge tranfer,
(Et), has a local minimum of less than .03 at about IeV. The rise of the

cross section towards lower energies is only to a minor part due to the long
range attraction. Therefore that change must be explained by the energy depen-
dence of the coupling (Cor~olis or radial coupling, fine structure).
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More detailed information on this coupling can be extracted from the angu-
lar distribution of the products. For this simple process only one channel
(ignoring fine structure), is energetically accessible. Under such conditions,
as can be seen from the Newton diagram, the product velocity can be determined
by only measuring their axial component (guiding all ions independent on their
transversal component). One example (transformed from a TOF distribution, mea-
sured at 0.1 eV is shown in fig. 13, The distribution is obviously symmetric
relative to the dashed line, marking the center of mass velocity.

Et=.1 V 2
VCM

EXP.

z
SIMULATION

E t 0.1 eV

0' 60' 120' 180
0 0.1 02 V'P' m'SI
0 0.1 Q2 05 1 2 Elf(eV)

Fig. 14. Differential absolute cross

Fig. 13. Velocity distribution section

The differential cross section shown in fig. 14 has been used to simulate
these experimental values (taking into account exclusively the target motion).
The overall agreement is gratifying, there are some discrepancies in the for-
ward and backward direction, leading probably to a larger differential cross
section at these angles.

The pronounced sideways peak in the scattering diagram of Friedrich and
Herman (23) shows up also in our experiment. For a more quantitative analysis,
some more development of the guided beam technique is needed, especially the
determination of the transversal component of the velocity with the help of
the guiding field. Experimental work is in progress,

CONCLUSION

It has been demonstrated with a few examples,that the guided beam technique
is a very versatile method to reveal detailed information on low energy ion-
molecule reaction dynamics.

Accurate absolute cross sections as a function of well defined translatio-
nal energies can be obtained even at thermal energies. The high sensitivity
allows the incorporation of other techniques like photoionisation, coincidence
technique, or the use of a secondary beam instead of a scattering cell.

First steps have been made towards the determination of (low resolution)
differential cross sections in an energy range not accessible to crossed icn
beam experients.
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ATOM CAPTURE AND LOSS IN ION MOLECULE COLLISIONS
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Laboratory, P.O. Box X, Oak Ridge, TN 37831*

Progress is reported in measuring the energy and angular distribution of
protons emerging with velocity close to the beam velocity from the target
region when Ar* beams collide with a CH4 target and ArH

+ 
beams collide with

a He target at asymptotically high speeds. The protons result from the
transfer of a target constituent to the projectile (atom capture) or from
the dissociation of the projectile molecule in the collision (atom loss).

For atom capture processes the Thomas peak is clearly observed.

1. INTRODUCTION

Ion-atom collisions at asymptotically high speeds involving electronic
charge transfer, projectile ionization or target ionization are the subject
of many recent theoretical investigations. In the asymptotic velocity re-
gime, where the projectile speed v is substantially greater than the charac-
teristic orbital speed of the electron in a target or projectile atom, a
perturbation expansion is supposed to provide an increasingly accurate des-
cription of these processes. For charge transfer, interesting ties to clas-
sical descriptions exist.

In current electron capture and loss experiments, however, the asymptotic
velocity regime can only be reached if the projectiles have velocities > 10
au even for light targets. Furthermore, angular distributions measurements
for electronic charge transfer and projectile ionization -rocesses become
increasingly difficult at projectile speeds over 10 au because of the small
scattering angles involved.

A simple physical picture of such three-body scattering processes may

emerge from alternative experiments, involving the capture of a whole atom
from a molecule by a projectile ion or of the loss of an atom from a projec-
tile molecular ion. Projectiles with kinetic energies on the order of 100
eV/u have asymptotically high speeds, substantially greater than the charac-
teristic vibrational speeds of atoms in molecules, while the laboratory
scattering angles for atom capture and atom loss events are measurably dif-
ferent from 0 deg. Doubly and triply differential cross section measure-
ments become possible, promising to reveal completely new information about
the associated scattering amplitudes.

We are investigating collisions at asymptotically high speeds between
singly charged diatomic hydride ions (H2

+
, HeH

+
, ArH+, KrH

+
) and neutral

atoms (He, Ne, Ar, Kr) and between singly charged atomic projectiles (Ar
+ ,

Kr
+
) and neutral target molecules with one or more hydrogen atom consti-

tuents (H,, H.0, CH,). We focus on the dissociation of the projectile mole-
cule into states in which the relative velocity of the fragments is small
compared to the projectile velocity and on the transfer of target constit-
uents into projectile centered continuum states, I.e. states In the vibra-
tional continuum of the electronic ground state of the projectile hydride ion.
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2. ATOM LOSS

In a collision between a diatomic hydride ion and a target atom, low
lying states in the vibrational continuum of the projectile molecule can be
excited. The molecule dissociates, most often into a neutral fragment and a
proton. In the laboratory frame the velocity spectrum of 4rotons produced
in such atom loss events peaks at the projectile velocity v. We have ob-
served this peak (1) by measuring the velocity distribution of protons emer-
ging from the target into a cone of half angle 00 between 0.6 deg and 2.6
deg about the beam direction. However, at asymptotically high speeds exci-
tation to low-lying states in the vibrational continuum of the ground states
is not the only mechanism for collisional dissociation. Our spectra show
prominent features in the wings of the proton loss peaks at the proton velo-
city vp = v. Symmetric structure appears in both wings, growing more
intense as the projectile energy increases. We observe peaks corresponding
to proton velocities vs, such that Ivs - vi is constant, independent of
projectile energy and target gas. The intensities of the features in the
wings are, however, strongly dependent on the nature of the target atoms and
are most intense for He targets. For ArH

+ 
projectiles at the higher projec-

tile energies, we observe two well-re631ved lines at Jvs - vi = (7.2 ± .3)
10 au (1.3 ± .1 eV), and (15.9 ± .3) - 10

-
' au (6.3± .3,eV), respec-

tively; and one weak structure between these lines at 1vs - vi = (11.9 ± .4 )
10

-
' au (3.5 ± .3 eV), as shown in Figure 1. We assume the observed lines

T T

80.

6 0

t4oL

20

.1 7Y .16.205 .2_14.213 .232

VELOCITY A.U.

Figure 1. Velocity spectrum of protons emerging into a cone of half angle
00 = 1.6 deg about the beam direction for 44.8 keV ArH

+ 
ions traversing a He

target. The beam velocity is .209 au.
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to be due to sudden electronic rearrangements of the molecular projectile
in the collision, leaving its nuclear constituents relatively static
(Frank-Condon transitions). The projectile undergoes a sudden vertical
transition from the electronic ground state to some excited electronic
state, which then dissociates, liberating a total CM kinetic energy U(r) -
U(-), where U(r) is the potential energy corresponding to the internuclear
separation r for the particular electronic state excited. The distribution
of internuclear separations in the electronic ground state from which the
excitation proceeds is of course determined by the populations of the var-
ious vibrational states present in the incident beam. In addition to measu-
ring the proton velocity distribution along the beam direction we are now
making detailed angular distribution measurements of energy-analyzed protons
produced in atom loss events. This will allow us to map the complete velo-
city distribution of these protons in the projectile rest frame.

3. ATOM CAPTURE

In 1927 Thomas (2) gave a classical treatment of the transfer of a light
target constituent to a heavy projectile valid in the asymptotic regime.
Thomas scattering is a two step process. The light particle is first scat-
tered by the projectile and then by a heavy target constituent in such a
manner that projectile and captured particle emerge with almost the same
velocity at a critical angle Dc with respect to the incident beam
direction. For electron capture by protons from He 

0
c = /3m/2M = 0.47

mrad. (m and M are the electron and proton mass respectively). It is now
widely understood that any quantum treatment of capture and high energies
must take this process into account (3). In a perturbation expansion, it
corresponds to a second order Born process that dominates over the first
order Born term in the limit of high projectile velocity. Only recently,
the first observation of the Thomas peak in the dirferential cross section
for high energy electron capture by protons from He hoj been reported (4),
and experiments involving heavy ion projectiles would be even more diffi-
cult. For atol capture at asymtotically high velocities however 4e have
observed the Thomas peak at 00 = 1.3 deg with Ar' projectiles anc a CH,
target (5). In two recent theoretical papers Shakeshaft and Spruch (6,7)
have focussed attention on the connection between clasaical and quantum
mechanical scattering descriptions, and atom capture experiments are among
the most suitable to reveal such ties.

In our early measurements we have recorded the number of protons emerging
into a cone of half angle 0. about the forward direction as a function of
proton energy for 100-300 eV/u Ar

+ 
and Kr

+ 
projectiles incident on CH .

States in the vibrational continuum of ArH* and KrH
+ 
dissociate into Ar + H'

and Kr + H', respectively (S). After a continuum capture event the electron
follow- the projectile ion and the proton emerges with velocity v v. If
atom c, i proceeds via the double scattering mechanism, then the projec-
tile ano .ie captured atom emerge at a critical angle 0c . For Ar

+ 
on CH, 0c

= 1.3 deg and for Kr on CH, 
0 

= 0.6 deg. For Ar
+ 
projectiles we have

varied 00 from being smaller to being larger than the cri.1cal angle while
still collecting protons emerging at all azimuthal angles. For acceotance
angles 0o > 

0
c we observe a central peak in the proton spectra centered

at a proton velocity vp = v' where v' is close to but slightly less than the
beam velocity v. This peak vanishes for 00 < Oc . We interpret this central
peak as the atom capture to the continuum peak, produced via the double
scattering mechanism. For 100-300 eV/u Ar* and Kr

+ 
projectiles on the CH

measured integrated cross sections are small, they lie between 5 and 100
barn.

In earlier experiments Cook et al (9) observed the Thomas peak in the
formation of H.

+
by fast proton impact on CH,. The position of the Thomas
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peak can be predicted classically. The shape of the Thomas peak, however,
depends on the detailed nature of the interaction. To extract this shape
information we are now making the first doubly differential cross secti..n
measurements for atom capture to continuum states, differential in captured
particle scattering angle and energy.

4. APPARATUS

Measurements differential in proton scattering angle and energy are made
using a two dimensional position sensitive particle detection system which
is described in detail in this volume (10).

Our bcams pass through a 1 cm long target gas cell located at the en-
trance focus of a doubly focussing spherical sector elwuLrv-vtaric analyzer
accepting protons emitted into a cone of half angle 0 S 6 deg about the beam
direction. A 1 mm aperture in the exit focus of the analyzer sets the
energy resolution to AE/E = 1% FWHM. The position sensitive detector system
is mounted 15 cm away from the exit aperture. We record an atom capture to
the continuum or atom loss event by detecting a proton emerging from the
collision with velocity v ;lose to the beam velocity v. We measure the
angular and energy distribution of the protons emerging from the collision,
i.e., we measure d2o/d~pdEp. The angular distribution of the protons with
Vp close to v in the scattering region is imaged one to one into the detec-
tion region. The entire distribution in polar angle 0 and azimuthal angle o
can be acquired simuiltaneously. A microchannel electron multiplier array of
25 mm diameter active area is the primary event detector. Output pulses are
collected on a resistive anode, and position decoding utilizes the charge
division method. Computer assisted data acquisition is implemented =ing
the modular CAMAC standard and a multitasking control program.

5. RESULTS

Measurements using the position sensitive detector system have just begun
and only preliminary results can be presented here.

Figure 2 shows the angular distribution of protons emerging from the
target region with speed equal to the projectile speed v, for 7 keV Art
projectiles on CH.,. It can clearly be seen that the protons emerge prefer-
entially at a nonzero angle 0 z 1.4 deg relative to the beam direction.
This measured angle agrees well with 0c = 1.3 deg predicted for atum capture
via Thomas double scattering. Figure 2 shows raw data, not yet corrected
for slight distortions due to the imperfect focussing properties of the 160
deg spherical sector proton energy analyzer. Because atom capture cross
sections are so small (on the order of barn) great care must be taken to
eliminate background. Here we have not yet been completely successful and
the ring structure in the angular distribution, which is the Thomas peak,
does not have perfect symmetry. Background problems are now being correc-
ted. The results presented in Figure 2 clearly show that atom capture to
the continuum at asymptotically high speeds proceeds via the Thomas double
scattering mechanism. To investigate the detailed shape of the Thomas peak,
measurements are now being made of the angular distribution of the protons
emerging from the target region as a function of proton energy. We will
then be able to map the complete velocity distribution of the captured par-
ticles. The velocity of a detected proton along the beam direction is de-
termined by the analyzer field and the velocity transvPrse to the beam di-
rection from the measured position of arrival on the channel plate.

For atom loss processes complete velocity distributions will also be
obtained from measurement of proton spectra differential in proton energy
and scattering angle.
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Figure 2. Angular distribution of protons emerging from the target region

with speed equal to the projectile speed v for 7 keV Ar* projectiles on
CH4. The protons emerge preferentially at a nonzero angle 0 ® 1.4 deg rela-

tive to the beam direction as predictea for continuum capture proceeding via

the Thomas double scattering mechani-m. The right graph shows a cut

through the channel plate image shown in the left graph.

Figure 3a shows a cut through a channel plate image measured with 40

keV ArH* projectiles on He. The proton velocity along the beam direction

equals the projectile velocity v = .1975 au. We observe a peak at zero

transverse velocity due to dissociation of ArH
+ 
after excitation to low

lying states in the vibrational continuum of the ground state. Peaks at
-7.5 x 10

-
' au transverse velocity are due to protons being emitted in the

projectile rest frame with this speed transverse to the beam direction.
In Figure 3b the proton velocity along the beam direction equals .1940

au. The central peak has disappeared and the peaks at -7xi0
-3 

au are due to

protons being emitted in the projectile rest frame with the speed -7.5 x

10
-
' au as above but -25 deg backwards fron the direction transverse to the

beam. When angular distributions at proton velocities between v ± .02 au

have been measured, a map of the complete velocity distribution in the pro-
jectile rest frame can be assembled.

A 
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TRANSVERSE VELOCITY 1O'
2
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.2 
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Figure 3. Cuts through channel plate Images (angular distributions)

measured for 40 keV ArH
+ 

on He. The protons result from the dissociation of

the ArH molecule In the collision, a) The proton velocity equals the beam
velocity v - .1975 au b) The proton velocity is .1940 au



560 M. Breinig et al.

ACKNOWLEDG ENT

This research was supported by the National Science Foundation, and by
the U.S. Department of Energy, under contract no. DE-AC05-840R21400 with
Martin Marietta Energy Systems, Inc.

REFERENCES

1) S.D. Berry, M. Breinig and I.A. Sellin, Proton Loss to
Projectile-Centered Continuum States for 7-57 keV ArH* Projectiles Traver-
sing He, Ne, and Kr Targets, in Abstracts of Contributed Papers, XII Inter-
national Conference on the Physics of Electronic and Atomic Collisions,
ed. by Sheldon Datz (1981), pp. 996-997.
2) L.H. Thomas, Proc. R. Soc. London 114, (1927) 561.
3) J.S. Briggs, J.H. Macek, and K. Taulbjerg, Comment At. Mol. Phys. 12
(1983) 1.
4) E. Horsdal-Pedersen, C.L. Cocke, and M. Stockli, Phys. Rev. Lett. 50
(1983) 1910.
5) M. Breinig et al., Phys. Rev. Lett. 51 (1979), 1251.
6) R. Shakeshaft and L. Spruch, Rev. Mod. Phys. 51 (1979) 369.
7) R. Shakeshaft and L. Spruch, Phys. Rev. A21 (1980), 1161.
8) P. Rosmus and E.A. Reinsch, Z. Naturforsch. 35a (1980) 1066.
9) C.J. Cook, N.R. A. Smyth, and 0. Heinz, J. Chiem. Phys. 63 (1975
1O)S.B. Elston, Doubly Differential Cross Sections of Collision-Produced
Forward Electron Emission, this volume.



EIECTRONIC AND ATOMIC COLLiSIONS
D.C Lorents, WE. Meyerhol JR. Peteron (eds.) 561
© Elsevier Science Publishers R V., 1986

INELASTIC AND REACTIVE COLLISIONS WITH POLARIZED EXCITED
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Polarization effects in inelastic collisions of laser state-
prepared Na(3 2 P, Mj) with Na+ leading to Na(3 2 D) or Na(32S) are
discussed for the energy range Ecm = 5-47.5eV. Studies with
linearly polarized light can be explained with a simple
"locking" model of the Na(3p)-orbital. The investigations em-
ploying circularly polarized light are a very sensitive test of
the models describing the nonadiabatic angular momentum coup-
ling between electronic and nuclear motion. The dynamical
effects of the electronic spin on the angular momentum transfer
are discussed. Recent crossed-beam experiments on the
Na + 02 - >NaO + 0 reaction in the energy range Ecm = 0.3-0.8eV
show a pronounced dependence on the electronic symmetry of Na.

1. Introduction

Polarizing the electronical motion of a sodium atom prior to
collision with another heavy particle serves as a powerful probe
to test the fine details of the collisional event. A simple sys-
tem like Na + Na+ can be studied in a crossed beam experiment
with state preparation before and state analysis after the scat-
tering process. This permits to determine absolute value and
phase of the scattering amplitudes (1). For the quasi-one-elec-
tron system Na accurate potential curves even for high excited
states may be calculated (2). Semiclassical theory is well suited
to treat the dynamics of the problem and to study the effect of
approximations, e.g a straight line trajectory for the nuclear
motion. In the first part of this article we will discuss inela-
stic collisions excluding the influence of the electronic spin.
The laser optical pumping of sodium allows in principle to ana-
lyse the effect of higher multipoles on the electrrnic motion
e.g. the nctopolemoment (3). This makes it superior to the parti-
cle-photon coincidence technique where from the complete polari-
zation analysis of the emitted light the highest measurable quan-
tity is the quadrupolemoment. The comparison between experiment
and theory including dynamics of the electron spin will reveal
the quality of the semiclassical methods employed. In the
last part of this work the reaction dynamics of Na in the
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32S, 3
2
P, 4

2
S, 4

2
P, 42D and VS state reacting with 02 to NaO + 0

are discussed. The large excitation energies associa ed with the

higher states of Na are well above the threshold of the reaction.
The dominant aspect of electronic excitation however is the dras-

tically different chemical behaviour owing to the change of elec-
tronic orbital symmetry of the atom.
This article will not deal with scattering experiments studying
fine-structure transitions (4).

2. Na* 3
2
P) + Na+ scattering experiments

2.1 Experimental geometry

The crossed beam apparatus has been described in detail before
(I) Briefly, an energy selected Na

+  
beam L E(FWHM) = 150meV was

crossed at 90' to a sodium atom
beam. The sodium atoms in the
interaction region were optically

pumped on the Na(3
2
S, F=2 ->3

2
P,

• :o, F=3) hyperfine transition. In
fig.1 the experimental geometry

for the situation employing line-
arly polarized light travelling

IL, Z perpendicularly to the scattering

---------- plane is displayed. Fig. 1 shows
that at large internuclear dis-
tances one prepared a pr> or a
Ipo> state for O 90' or 00

± plane respectively.

Owing to the fine-and hyperfine

structure of sodium not a pure 3p
orbital is prepared but an inco-

herent mixture of the orthogonal
13p7r +>, j3p 7 -> and 13p a >

FIGURE I states. The relative population
Preparation of the atomic of these states is determined
p-orbital with linearly for each polarization measurement
polarized light, showing from the detected flourescence
excitation by a laser beam intensity of the Na(3P) as a
perpendicular to the colli function of 9E (5). For all stud-
sion plane. The polarization ies witri circularly polarized
angle GE is measured with light the laser is directed per-
respect to the zcol axis. pendicularly to the scattering

plane.

2.2 1 Potential energy curves

Only presently potential curves for the Na ion have been cal-
culated which cover the energy range probed in the present ex-
periment (2a),(2b). The computations included 12Z, iOH and 6L
states, thus covering all asymptotic energies up to Na + Na(52S).
The relevant states of the quasimolecule formed transiently in
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the collision are depicted in fig.2 (from ref (2a)).
They relate to the processes of collisional excitation

Na*(3 2 P) + Na+  - Na*(32D) + Na+  (B)

and deexcitation

Na*(3 2 P) + Na+  - Na(31S) + Na+  (C)

The potentials at large internuclear distances, where the dynam-
ics of angular momentum recoupling occur are shown in fig.3.

V 1a.u.

B Na;

'... ta.u'.10-'

Pno . Naj

*30 ... . ........... .. 3 P- -" .D' ':  . ...... - -

10 20 30 40 50 60

. [a,u. I 3S FIGURE 3
0 10 0 40 Long range dependence of the

potentials where is dis-

FIGURE 2 sociating to Na+ + Na(3P). The
On scale plot of the four dotted curves give the long
potential curves contribut- range potentials owing to qua-
ing to the processes (B) drupole moment and polarizabi-
and (C) The positions of lity of the 3p electron.
the relevant curve crossings
are marked

2.3 Linear polarization studies

From the calculated pot-ntial curves (fig.2) Otte Len see that the
inelastic process (B) is proceeding via the 22

Eu - 22
,u curve

crossing (B) at Rc = 5.6a.u. The polarization measurements dis-
played is fig.4 show indeed that the maximum scattering signal is
observed close to O = 180' where Ipo> state is prepared asymp-
totically. Here and in the rest of the article a and 7T will
denote the prep& ation of molecular states !t large internuclear
distances (Hund's coupling case (e) (7)), whereas z and 1i denote
the states of the molecule at small distances (Hund's coupling
case (a), (b)). The angular position y of the maximum cross sec-
tion for process (B) is clearly defferent from 1800.
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This behaviour can be understood in terms of the "locking" model
which is illustrated in fig.5. For convenience the Na ion is
shown at rest while the Na(3P) is moving

• Xcol

uout

J plane-

No.No'3P) - No.Na'(3D) Rc

E01 =35eV 0,m=75* R L7
I molecular picture :, atomic picture0 30 60 90 120 150 180 body fixed space fixed

Polorization Angle OE /deg

FIGURE 4 FIGURE 5
Polarization dependence of Schematic illustration of an
the scattering intensity as effectively repulsive tra-
a function of the angle OE. jectory and its influence on
In the upper half the laser the alignment angle y of the
beam is propagating perpen- p-charge cloud for maximum
dicular to the collision molecular state preparation
plane and in the lower half at RL(

3
P - 3D excitation

is in the collision plane. process).

Since the polarization angle GE is measured with respect to the
relative velocity the situation shown in fig.5 reproduces the
experimental geometry. The calculations of Allan and Korsch (8)
indicate that the inelastic transition of process (B) occur only
over a small range of impact parameters. Thus it is well justi-
fied to display one specific impact parameter. Fig.5 shows that
at large internuclear distances the p-orbital aligned under the
angle y stays space fixed. In the angular momentum coupling
scheme this situation corres.;ondends to Hund's coupling case (e).
At internuclear distances close to RL the electric field between
the ion and the p-orbital is strong enough to gradually lock the
orbital to the internuclear axis (Hund's coupling case (a), (b)).

Fig. 6 shows that the measurement of the energy dependence of the
angle -y is in very good agreement with semiclassical calcula-
tions (9),(10) In these computations the time dependent Schro-
dinger equation for the electronic motion under the influence of
a nuclear trajectory R(t) dependent electronic potential V(R(t))
has been solved. These calculations (L-reference frame) did tiot
include the couplings owing to the electron spin . The computa-
tions show that the transition from the space fixed to the body
fixed behaviour is occuring in a "merging" region, where z - n
transitions proceed. Thus one finds only a dominant population of
the z-state rather than a pure one. The angle y depends on the
absolute value and the phase of the Z and H amplitudes (O)
which may be visualized from the corresponding situation of the
Lissajou figures.
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In fig. 7 the "merging" process is displayed by a plot of the
alignment angle 7 as a function of the internuclear distance. y
is here the angle with respect to the internuclear axis. At small
distances R T is equal to 1800, gradually decreases for larger R
and behaves geometrically - = o + arcsin b/RL at very large R.

~~180- -

No -No 13P)-N o *-No3D)
120- T=26OeVdeg

20 25 30 35 4'0 45 1'0 30 50 70

c.m.Energy / eV R/a.u.

FIGURE 6 FIGURE 7
Alignment angle y as a function Alignment angle 7 relative to

of energy for constant reduced the direction of the inter-
scattering angle r; excitation nuclear axis as a function of
process 3P - 3D. Dots give internuclear distance for Na
experimental points, the full collisional excitation.
line represents the semi-
classical calculations.

2.4 Circular polarization studies

The transitions in the merging region lead to a change of the
inherent angular momentum of the electronic charge cloud by non-

adiabatic coupling to the nuclear motion. This can be measured by
orienting the Na-target with RHC (right hand circularly) or LHC
(left hand circulary) polarized laser light. The asymmetry pa-
rameter

S = (IRHC - ILHC) / (IRHC + ILHC)

is closely related to the nonadiabatic angular momentum transfer

between electronic and nuclear motion (II). In the polarization
analysis of light the quantity S is dominated "Stokes Parameter
P3 " In photon-particle coincidence measurements the highest
extractable tensor quantity characterizing the angular momentum
of the electron charge distribution is the quadruuole moment
Since in the laser optical pumping process of the Na(3

2
P) state

many photons are absorbed, higher multipolmoments e.g. the octo-
pole (3) are prepared and may be studied in the scattering ex-
periment. One can investigate the spin effects connected with the
higher moment in measurements with circularly polarized light.
Fig.8 and Fig.9 show a comparison between the measured asymmetry
S for collisional excitation and deexcitation of Na and calcula-
tions in the L-and J-reference frame.
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S .5 ". . S .

S3P-3S

.2- " 3P-3D-.-
~-r26OeVdeg -. 2?.Z

.0 0 / t180 eV deg.0 .0

-. 21 . . 1 1 I .......

0 20 40 60 80 100 0 20 40 60 80 100
EL [eV] EL [eV]

rIGURE 8 FIGURE 9
Circular asymmetry S as a Same as fig.8 but P -> S
function of laboratory collisional deexcitation
energy. Full line J-frame,
broken line L-frame.

The agreement with the calculations in the J-frame where dynami-
cal spin couplings are included is excellent, though the oscil-
lations present in fig.8 yet have not been resolved in the ex-
periment. The oscillations are equally spaced as function of
ti/vel where vrel is the relative velocity of the colliding par-
ticles. A compari son of the characteristic times in this system
reveals that the oscillations are related to the orbit preces-
sion period calculated from the average V, - VT splitting in the
region R = 23-60a.u.

3 Symmet:y effects in the Na* + 02 reaction

The large energies associated with electronic excited atoms are
often high above the energetic threshold of endothermic reac-
tions. Experiments show however that the most important aspect of
electronic excitation is the dramatic different reactivity owing
to the change in the spin state or the orbital symmetry of the
excited atom. This has been shown in the reaction of ground state
0(3P) and excited 0(10) with H2  or saturated hydrocarbons (12).
Orbital alignment effects have been investigated in the chemi-
luminescent reaction of Ca( 1 P) with small halogenic molecules
(13) The present study focusses on the reaction of Na(3 2 P,42 S,
42 P,42D,52 S) with molecular oxygen in the collision energy range
E m = 0.3-0.8eV. This reaction is endothermic by 2.4eV for ground
siate sodium and zero relative energy of the reactants

3 1 Experimental setup

Details of the crossed beam experiment are described elsewhere
(14). Briefly, seeded or neat supersonic beams of Na or 02, are
crossed under single collision conditions at right angles in a
scattering chamber. Scattered product is detected by a rotatable
mass spectrometer. The experimental technique to maintain a large
stationary population in the Na(3 2P), Na(51S) and Na(4 2 D) states
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1.0
by excitation with two c w dye

;oers ha been denrstratedIbefore (15). One laser is tuned
CM to the sodium D2 line, while
* the other is tuned to the tran-

0.5 4---- --- D s ition from the Na (3
2 P ) le ve l

L Sto the upper level. It is im-
portant to remember that prepa-
ration of the Na(5

2
S) or

Na 02 Na(4
2
D) state results also in

in considerable population of the
Na(4

2
S), Na(4

2
P), Na(3

2
P) and

0.c 0 ' _Na(3 S) states.
0 30 60 90

Lab Scattering Angle (degrees)

FIGURE 10

Laboratory angular distribution of NaO at Ecm = 0.78eV.

3.2 Results and Discussion

The laboratory angular distributions of NaO were measured for
thrce collision energies Ecm 0.3, C.7, 0.78eV and for Na in the
(5

2
S,4'P,4

2
S,3

2
P,3

2
S) or (4

2
D,4

2
P,4

2
S,3

2
P,3

2
S) states (16)

F1g.10 shows the result for Ecm 0.78eV with the mass spectrome-
ter tuned to q/m = 23 because most of the NaO fragmerts to Na+ in
the detector ionizer

Na +0 (.)

72.9 FIGURE 11
2 g Oiabatic

correlation
5 -21Tdiagrani for

X --. . _ 2A  __aO (A) +C t 10) N a + 02 i n
4d-'

9 
' aD (X) c

4 _5--A__2 symmetry

0) 3  4s -
2NaGo (A) p)

C__INaO (X

Lc 2 3p . .: ...

u 1 211

0 3s -

-1 Na (1) +0 (X
3
19

)

There are four remarkable features in the experimental study of
this reaction:
(i) Since no reaction is observed for optical pumping of he

Na(5
2
S) state at either collision energy the Nal(4 0)

state only leads to reaction
(ii) The measurements with Na(4'D) at three different energies

show tnat the reaction has an energy barrier of at least
O.3eV and less than O.7eV
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(iii) The NaO is predominantly scatzered backwards with respect
to the incoming sodium atom in the c.m reference frame.

(i ) Kinematical curihderations show that the limited aonular
range of the NaO product iakes tle produ.tion
of NaO(AIE

+
) + O( D) most likely.

The backward scattering suggests a collinear approach geometry of
the reactants. The reaction only for Na(4

2
D) implies that a NaO 2

A-transition state in C., symmetry leads to NaO + 0, since this
state is only accessible to the Na*(n2D) state and not to the
states Na(n

2
S) or Na(n

2
P). Fig. 11 displays a diabatic correla-

tion diagram for Na + 0? in Cwv symmetry. Only the energy of the
two lowest Na0 2 states is known from calculations (17), the other
energy positions of NaO 2 are qualitative guesses.
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POLARIZATION EFFECTS IN ASSOCIATIVE IONIZATION OF EXCITED SODIUM ATOMS

Gerard NIENHUIS

Fysisch Laboratorium, Rijksuniversiteit Utrecht, Postbus 80 000,
3508 TA Utrecht, The Netherlands

We aiscuss several recent experimental and theoretical results on the rate
of associative ionization of two laser-excited Na atoms, as a function of
the polarization direction of the exciting radiation.

1. INTRODUCTION

Illumination of an atomic vapor with nearly resonant light can induce a
large degree of ionization, either by photoionization or by collisional ion
production involving excited atoms (1). A detailed understanding of ionization
processes is important both in astrophysics and laboratory physics.

In the present contribution we consider the collision of two excited Na
atoms, leading to associative ionization, as indicated by the reaction equation

Na(3P) + Na(3P) - Na+ + e (1.1)

This reaction is of a simple type in the sense that it contains only two frag-
ments both in the initial and the final state. The electronic transition in the
collision complex may be looked upon as molecular autoionization. After the
electron ejection, the remaining system has insufficient energy to separate in
a ground state Na atom and a Na ion, so that it is left as a bound molecular
ion. The Na+ prcduction in a Na vapor illuminated with pulsed laser light has
been observed by Roussel et al.(2).

An interesting possibility arises when this same process is studied in an
atomic beam. When the polarization of the exciting light is rotated with res-
pect to the beam axis, the distribution over the magnetic substates of the
initial excited state is modified, and the variation of the ion production with
the polarization direction contains information on the dependence of the rate
of reaction (1.1) on the magnetic substates.

A first experimental study of this effect was performed in our laboratory
(3). The experiment used a single atomic beam, which was crossed at right
angles by a laser beam tuned to the F=2 - F=3 hyperfine transition of the Na-D2
line. A scheme of the experiment is given in figure 1. Collisions between two
excited Na atoms result from the velocity spreading in the beam, leading to
typical values of the relative kinetic energy of 15 meV. The exoergicity of
the reaction is about 50 meV. A strong polarization effect was observed. For
a linear polarization direction parallel to the atomic beam, the production
rate of Na+ was about a factor 1.5 higher than for a polarization direction
perpendicu~ar to the beam. A more recent experiment by Rothe et al. (4) gave
strikingly different results. The ion yield as a function of the angle
between the atomic beam axis and the polarization direction displayed maxima
both for o=O ° and u=900, with a minimum at 0=450 .

We have given a theoretical analysis of the relation between the Fourier
coefficient of the N4 yield as a function of ), and the rate constants as a
function of pairs of magnetic quantum numbers (5). A discussion of the relative
contribution to the process from the various adiabatic potential curves has
been given by Jones and Dahler (6). Here we review the present status of our
understanding of the polarization effects of associative ionization.
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.multiptier

7NaH
-- (+)

/ -foto diode

h.V 0

Figure 1. Scheme of the experiment. A laser beam crosses the atomic beam at

right angles. Both ions and fluorescence photons can be detected.

2. SYMMETRY CONSIDERATIONS

We indicate the state of the two identical atoms before the collision by the
density matrix

I = 'AkB (2.1)

Since both atoms Aano B are excited by the same laser beam, we can assume that
,A and PB are identical matrices. The scattering amplitude for associative
ionization is denoted as f(rvf -m y.), where a indicates the initial state of
both collision partners, v. is the )nitial relative velocity, vf is the final
relative velocity of the ejected electron with respect to the molecular ion,
and denotes the final internal state of the ion. When 'A and B are norma-
lized to the density ne of excited atoms, the rate of ion production can be put
in the form (5)

R = G, c TrGc , (2.2)

where the detection operator G has matrix elements between internal states , of
the pair of atoms defined by

.. Gl== .. . d (mvf/W )f(vvf 4 Wvi) f*(,vf -- I'vi) av (2.3)

the average is performed over the distribution of initial relative velocities
v . An integration is performed over the unobserved direction of the ejected
electron, and likewise the internal states , of the molecular ion are summed
over. The reduced masses m and # refer to the final and initial states.

If we expand )'A and rB inspherical tensurs tkq, defined with the quantiza-
tion axis in the polarization direction for linear polarization, or the propa-
gation direction for circular polarization, then we may write (5)

A k tko' (2.4)

and likewise for c , since in this polarization frame the density matrices are
diagonal in the ma netic quantum numbers, so that only components with q=O
arise. The tensors tkq aru related to the tensors Tk with the beam axis as
quantization axis, by a simple rotation over the ang e I between the polariza-
tion axis and the beam axis. We expand the detection operator G in the snhe-i-
cal tensors Tkq for both atoms, according to

G = g(kq;k'q') Tkq(A) TkqI(B) (2.5)
kq kq k

From the axial symmetry of the distribution function of the initial relative
velocity v. and the identity of the cwo atoms we obtain the following symmetry
relations
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g(kq;k'q') = 0 for q + q' / 0

g(kq;k'q') = (-)k-q+k'-ql g(k-q;k'-q') (2.6)

g(kq;k'q') = g(k'q';kq)
g(kq;k'q') = (-)q+q'g*(k-q;k'-q')

The ion production rate R is then found to be given by

k k
R( ) q kq CkCkg(kq;k'q')do(')dq;o(e) , (2.7)

k 

in terms of the reduced rotation matrices dqq,. Equation (2.7) determines the
dependence of the ion production rate on the angle " between the atomic beam
axis, and the polarization axis, which is the direction of polarization for -
radiation, or the propagation direction for 7: radiation.

Excitation of the atoms with radiation of a selected polarization fixes the
expansion coefficients c For linear polarization only terms with even k appear.
Measurement of R(6) at these known values of ck then provides information on the
coefficients g, which determine the detection operator G, and thereby the
ionization rates for any combination of magnetic quantum numbers, as well as
off-diagonal terms, which depend on the relative phases of the scattering ampli-
tudes. k

The rotation matrices d obey the symmetry relations (7)

q o (-)qd k d k - (2.8)
qo ( o(-:) = (

This leads to the identities

R(,) = R(-,) = R(r-,) (2.9)

for the ionization rate. Expansion of R as a Fourier series gives

R(,,) = 2 R cos(2n') (2.10)
nn=O k

where the upper limit 2J follows from the expressions for dqo, which cannot have
a higher Fourier component then exp(:iko). Note that 2J is the maximal value of
k. In the present case of excitation of atomic states with J = 3/2, the maximum

value for n is 3. For linear polarization only even k values can appear, so
that n can only attain the values 0, 1, 2 for J = 3/2.

To be specific, we now give the explicit expcession for the Fourier coeffi-
cients R0 , RI and R2 in the relevant case of excitation of the F=2 F=3 hyper-
fine component of the Na-D2 line with linearly polarized light. The coefficients
c k are then equal to

1 1
co = Z ne c2 = ne , (2.11)

which corresponds to the populations nM <McA!M> = 1/12 n for M -:3/2, and
nM = 5/12 n for ,M= 1/2. The relevant multi6pole coefficignts of G are

e
p = g(00;00) = A+2B+C

s = g(20;00) = A-C (2.12)

t = g(20;20) = A-2B+C

with

A = o K( M') + K( 3 3

3 1 3 1B = P[K( Z 1 + K(7 -7) (2.13)

1 1 1 1

The factors K(MM') are rate constants, which equal the diagonal terms of G
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K(MM') = MM'jG MM' . (2.14)

Furthermore we need the off-diagonal terms
3 _ 3 3 1 1 (2.15)

and 3  33 3 1 1.3
(22;2-') - I - . , ' -

- 
. . . . 1><7 (2.16)

The Fourier coefficients for linear polarization are then (5)
1 i

R0 = p - ' s + (lt - 12u + 9v)/ 288

R1  - s + (t-v)/24 (2.17)

R2  (9t + l2 ,

Eqs. (2.17) relate the observed Fourier coefficents Ro, R1 and R2 to the matrix
elements of G. Only when the off-diagonal terms u and v are neglected can we
determine the three coefficients p, q and r, or equivalently, A, B and C from
the measurement with linear polarization. This was effectively done in the
interpretation of the original experiment (3). With this assumption that u and
v can be iynored, we derive an explicit inversion for A, B and C in terms of
the Fourier coefficients, with the result

A = R- 7 RI + 9 R2

B R0  I R 
7 9 

R (2.18)
0 23 1l- 2

C R + 5 R + 41R

We wish to emphasize that the results of this sert'inn up to eq. (2.17) are
exact, provided that the distrioution of relative velocities of the excited
atoms is axially symmetric. In particular we did not adopt any restrictive
assumption on the dynamics of the process. The sole approximation occurred when
we neglected u and v, in order to derive eq. (2.18).

3. COMPARISON OF EXPERIMENTAL RESULTS

Three different groups have performed rather similar experiments on the po-
larization effect of associative ionization of two Na(3P) atoms, excited by
linearly polarized light tuned to the same hyperfine transition F=2 - F=3 of
the D2-line in a single beam (3,4,8,9). In Table I we list the various values
of r, = RI/R 0 and r2 = R2/R0 reported in these references. Furthermore we in-
troduce the parameters

a = A/(A+2B+C)

b = B/(A+2B+C) (3.1)

c = C/(A+2B+C)

Then a is the relative contribution to the total ion production from an initial
state with both atoms in a state with IMI = 3/2 with the beam axis as quantiza-
tiuii axis. Likewise 2b is the relative contribution from a combination of
)M 1 = 2 and Mi = 3/2, and c from the state with jMj = for both atoms. If we
adopt the assumption that u and v can be ignored, then (2.18) is valid, and
we can calculate a, b and c from the observed values of rI and r2 . The para-
meters a, b and c (which obey the obvious identity a+2b+c = 1) determine the
ratio of rate constants for ionization with values of IMI as mentioned above.
We list the resulting values also 'n Table 1.



Associative Ionizat ion of'Lcitced Sodium Atoms 573

,able 1. Values of r1 , r2 as observed in various experiments
and values of a, b, c deduced from these observations

Ref. rI  r2  a b c

3 0.27 0.10 0.41 0.01 0.57

4 - 0.01 0.38 1.69 - 0.82 0.96

8 0.18 0 0.15 0.25 0.35

9a 0.225 0.032 0.220 0.179 0.422

9b 0.304 0.066 0.278 0.094 0.533

The data under 9a are measured with a sigle atomic beam, just as the results
fr,- -cl. 3, 4 and 8. The mean relative velocity is evaluated to amount to
500 ms- . The result 9b refers to collisions between two atoms from counter-
running beams. The mean velocity in this case is about 1500 ms-. The results
of ref. 9 are displayed in figure 2.

A.U.F ' '

J o -

cj

C
0

0 90 180E ) degrees

Figure 2. Polarization dependence of the ion production by collisions in a
single beam (open circles) and from two counterrunning beams (closed circles).

We may conclude that the results for a single beam from ref. 3, 8 and 9 are
not in real conflict with each other, although the calculated values of a, b
and c display marked differences. The differences in the observed values of ri
and r2 may well be explainable in terms of slightly different characteristics
of the atomic beams. On the other hand, the measurement of r, and r as re-
ported by Rothe Pt Al. (4) is in obvious contradiction with the otfer observa-
ticns. The calculated negative value of b in this case is clearly unphysicl,
since the detection matrix G is positive definite. It is true that this calcu-
lated value is based on the assumption of a negligible value of u and v, but
some suspicion towards the result of ref. 4 seems warranted.

4. DISCUSSION OF POTENTIAL CURVES

We may gain some insight in the dynamics of the process of associative ioni-
zation by discussing the adiabatic potential curves which correlate to Na(3P) +
Na(3P) at large distances. Model potential calculations for this system have
just been reported (10,11). The process of associative ionization can occur by
population of the adiabatic states with an electronic energy above the 2)
yround-state potential of Na . Hence potential curves which do not cross his
ionic curve cannot contribute to the process. This is the case for curve I in
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figure 3, where a sketch of the various possibilities is given. On the other
hand, when a potential curve crosses the ionic curve at too high an energy, the

contribution of this curve to ionization must also be negligible small, at least

at thermal or subthermal kinetic energy. Therefore, curve 3 in figure 3 cannot

(eV)
Na2

22
0.5 \3

0 3P+ 3P

5 7 9 11 13

R (at. u n.)

Figure 3. Scheme of potential curves for Na+Na. The ionic curve corresponds to
calculations (ref. 11), the curves 1, 2 and 3 are merely illustrative.

appreciably contribute either. Only in the intermediate case of a crossing with
the ionic curve not too far from its minimum is associative ionization possible
as in curve 2.

In reality, there are twelve potential curves that correlate with the state
Na(3P) + Na(3P) at large internuclear distance. In table 2 we give their spec-
troscopic notation as well as the atomic configurations corresponding to the
adiabatic states for large interatomic distance. The qerade-ungerade symmetry
of eacn configuration becomes apparent after proper symmetrization or anti-
symmetrization for the orbital wavefunction in the singlet or triplet terms.

Table 2. Adiabatic molecular states originating from Na(3P) + Na(3P), and the
atomic configurations for large internuclear distance. The singlet or triplet
spin states of the two valence electrons are denoted as x or xt. The indicated
quantum numbers are the components of the electronic orbital angular momenta in
the direction of the internuclear axis.

.72 j 10 a
2 

3 
+

72 Li -> +1-1 1>Jxs / 2  
72 , I i-+>+H- I>!Xt/,'2

72 1-i> -i lI>Jx s/2 72 - l 1.Xt/'2
ITO T g [1-'i 0>+jO +1>1]"s/¢2 7o 3 f!u  1 0>+10 ,> Xt/,/2

1;1 1::u  i 0>-I > xsxs/,'2 n I 1 O>-O0l>Jx/.IY
2

12 1 l ±I> s 72 A I' 1X 3u I' >X

Model potential calculations (11,12) suggest that the potential curves which
lead to electronic states within the autoionization region arc lhe LwG '_j
states, th, 3A -d1 t ,t* - , 4

1*y .- ALL Iu Lie two >11 states. Since the
final state o the molecular ion is a 2,: state, it seems reasonable to consi-
der first the states which contain a a electron, supposing that the one-elec-
tron quantum numbers have real significance. This would leave the ,

2
"' state
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as the first candidate to contribute to the ionization process. If we adopt the
rather drastic assumption that the collision process is fully adiabatic, then
we can evaluate the population for each adiabatic state from the ratios in
which the initial density matrix c branches into a distribution over t;,e asymp-
totic configurations indicated in Table 2. For excitaticn with linearly pola-
rized light with an angle o between the polarization direction and the beam
axis (which is taken as the direction of the inLernuclear axis b~for2 the colli-
sion), the density matrix of the excited atoms is

'A e - - T d0 (0)] (4.1)
~A B 00 qi 2q qo

When ,c> is the asymptotic configuration of the state + , then the popula-
tion <,Alpa .as a function of '- is easily evaluated from (4.1), if we also use
a -Clebsch-Gordan expansion

!JM> = M , LML- SMs><LML; ssJM (4.2)
MLM. L' S L;S 5 4

for J = 3/2, L = 1, S = 2. A straightforward calculation gives for the popula-
tion of each one of the three '-substates of the term 3z the value

<21Pia> 2 + cos 0)2/36 (4.3)

This population is entirely due to the state with MA = = . The resulting
values of rI and r2 are 84/107 0.79 and 9/107 = 0.08, and the corresponding
"alues of a, b and c are 0, 0 and 1.

A comparison with the observed values as listed in Table I shows that the
deviations for r, are appreciable, and that the calculated value for r2 corres-
ponds reasonably well with the range of observations (except those of ref. 4).
Although these calculated values for a, b and c do not agree well with the
values determined from the observations, the calculated results are certainly
not absurd. In particular, the nbservations indicate that c is the largest of
the three, so that the dominant contribution to ionization is due to the initial
sta.te with IMAI =1M 0 = . The deviations could indicate that more than one
potential curve con'ribuesto ionization. In fact, this conclusion was drawn in
a recent paper by Jones and Dahler (6). These authors pprformed a calculation
of the 6-dependence of the contribution of some of the potential curves, assu-
ming complete auiabaticity. They suggested the 2 1g state as the most reactive
one, since its crossing with the ionic curve was favorable in the calculation of
ref. 10. This is no longer true in the more extensive calculation of ref. 11.
The e-dependence for this curve is precisely the same as for the curve 02 3-+
which we suggest as the dominant contributor, on the basis of these new cal-'u
culations. The conclusion of ref. 6 that at least two adiabatic states contri-
bute to the process seems not to be necessary. The deviation of the observed .-
dependence of the ion signal from the calculated dependence (4.3) may well be
cue to non-adiabatic coupling, in particular rotational coupling at large dis-
tances, where the curve separation is not large enough to cause complete adia-
batic reorientation. This coupling could lead to population of the .-- 'u curve
resulting from atom pairs with IMA or MB equal to 3/2 at large separation.

5. CONCLUSIONS

A comparison and evaluation of the observed polarization effects in the
reaction (1.1) shows that the results of ref. 3, 8 and 9 are compatible with
each other and with a simple interpretation in terms of a single or a few
reactive Born-Oppenheimer states, with some non-adiabatic coupling on the in-
coming trajectory. The observation of (4) seems hard to explain in any model,
since it produces a negative cross section for some combination of values of
M- -d M, ;' lpast when the off-diagonal terms of the detection operator G are
nut excessively large.

The best candidate for the most reactive adiabatic stateseems to be -, 3' +'"u.
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According to the calculations of ref. 1i this curve crosses the ionic curve 2-

at , favorable internuclear distance and energy, and its choice is in line wjti
the observation of dominant values of c, which leads to a major contribution
from asymptotic o-states.

It is remarkable that the same cbservation at larger relative kinetic energy
produced an enhanced polarization effect, with larger values of rI and r2, as
listed in the last line of Table 1. Stronger non-adiabatic coupling would
probably lead to a decrease of the polarization effect, since more asymptotic
states would cont-ibute to the reactive adiabatic states. This observation
could indicate that the reaction probability is uly partly due to a polariza-
tion-dependent mechanism as discussed above, which has a positive reaction
energy, corresponding to the energy at the crossing of the dominant adiabatic
curve and the ionic curve. A detailed study of the velocity dependence of the
polarization effect and of the reaction rate would be worthwhile. Another
extension of the measurements done sofar could be the excitation with circular-
ly or elliptically polarized light. This would allow a full determination of
the detection operator G, including its off-diagonal terms (5).
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POLARIZATION EFFECTS IN IONIZING COLLISIONS OF EXCITED NEON ATOMS

T. BREGEL, W. BUoERT,* J. CANZ, H. HOTOP and M.-W. RUF

Fachbereich Physik der Universit~t Kaiserslautern, 6750 Kaiserslautern
Federal Republic of Germany

Using transverse excitation of a collimated metastable Ne(3s 'P,,,) atom beam
with linearly polarized single mode dye lasers we have investigated ionizing
thermal energy collisions of polarized Ne(3s,3p,4s,4p,4d) atoms with Ar atoms.
The resulting electrons have been energy analyzed with a high resolution,
two-stage hemispherical condenser. The measured electron energy spectra re-
flect substantial differences between the interaction potentials for
Ne(3s)+Ar, Ne(3p)+Ar and Ne(4s,4p,4d)+Ar; for Ne(3p 'Dj)+Ar, they reveal
structure due to different Q-components. The spectra exhibit a more or less
strong dependence on the asymptotic polarization of the excited atoms (rela-
tive to the direction of relative velocity), as induced by the optical pum-
ping process. Model calculations of the electron spectra and their polariza-
tion dependence have been carried out for Ne(3s 'P-)+Ar and Ne(3p D,)+Ar,
using computed potentials for Ne(3s,3p)+Ar and semiempirical Ne+Ar+ poten-
tials. Autoionization of the collision system is found to occur mainly by
Ar(3pc)-Ne(2p,) transfer along with ejection of the Ne valence electron.

1. INTRODUCTION

Tunable lasers, especially stabilized cw single mode dye laser, have been
used by several groups to investigate collisions of laser-excited short-lived
atoms with atoms and molecules (e.g. 1-3). A point of particular interest (4-18)
is the search for polarization effects, i.e. for a dependence of observables on
the polarization direction (relative to the collision axis, typically the di-
rection of the relative velocity). Such polarization effects constitute sensitive
probes of the dynamic behaviour of the collision system. Some time ago, we have
started a program to investigate ionizing collisions of state selected heavy
rare gas metastable atoms X(mp"(m+1)s 3P- ,) (X=NeAr,Kr) and of laser excited,
short lived states X(mps ng) by high resolution electron spectrcmetry and mass
spectrometry (4,14,15). It is our aim to gain insight into the ionization mecha-
nism in collisions with states of medium to high excitation and to test poten-
tial curves for such multi-state systems. As a first example, we have reported
results for Ne(3p J=1,2,3)+Ar (14,15). A substantial polarization effect was ob-
served for Ne(3p 3D3)+Ar and discussed in detail (14,15), whereas first investi-
gations showed only a small, essentially negligible polarization effect for
Ne(3s PJ)+Ar (14,15). The potential curves for these two systems, shown in Fig.
1, are rather different and the P-splittings are very small for Ne(3s 3P,) (15,
19,20). Therefore, polarization effects for the Ne(3s 3P)+Ar systems have to be
associated with a selectivity of the autoionization probability due to the pola-
rization of the Ne(2p') core. Morgner (21) has shown in an analysis of the ano-
malous fine structure branching ratios found for Ne(3s 3P, )+Ar (22) that these
data reflect the interference between the dominant electronic transition ampli-
tude ur e involving Ar(3po) to Ne(2po) transfer and the non-negligible amplitude
u1l=-O.106 uoe associated with Ar(3ps) to lie(2ps) transfer. The more complicated

*Present address: Joint Institute for Laboratory Astrophysics, Boulder, Colo.
80309, USA
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analysis of the Ne(3p)+Ar systems (15) has led to similar conclusions for the
respective amplitudes; moreover, it was shown how the asymptotic polarization
influences the effective population of the different 2-states for Ne(3p 'D,)+Ar
at distances where autoionization occurs.

In the meantime, we have carried out further experiments under improved ex-

perimental conditions. For Ne(3s IP), we have now been able to clearly detect
a polarization dependence of the electron spectrum, both in shape and total in-
tensity. Model calculations assuming : space-fixed core polarization along clas-
sical trajectories on the potentials of Fig. 1 and -dependent autoionization
widths based on the amplitudes u,;, ull given above have been carried out and
are found to reproduce the experimental findings in a satisfactory way. We com-
pare the results with those for Ne(3p D3)+Ar, for which we present improved da-
ta at three collision energies, and briefly discuss new results obtained for
Ne(4s 3P2), Ne(4p 3D3) , Ne(4d F)+Ar.

2. EXPERIMENTAL

Fig. 2 shows a semi-schematic drawing of the apparatus (15). A well-collima-

ted, metastable Ne(3s 'P ,) beam from a differentially-pumped dc discharge
source (velocity spread about 301 of peak velocity) is state-selected by anti-
collinear excitation and removal of either metastable component via a suitable
Ne(3p) state with a multimode dye laser (bandwidth around 10 GHz, mode spacing
63 MHz, power around 200 mW). Transverse excitation of Ne(3s 'P.) atoms with
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FIGURE 2
Semi-schematic drawing of apparatus

linearly-polarized, frequency-stabilized single mode dye lasers (640.2 nm,
576.6 nm) leads to substantial populations of the Ne(3p 'D.) and Ne(4d F.)
states and - via spontaneous emission - of the Ne(4p 'D.) and Ne(4s 'P ) states
in the reaction center, where an effusive target beam crosses the Ne* beam. The
ionization processes of the mentioned states with Ar are separated by energy
analysis of the released electrons with a high resolution (10 meV), low back-
ground two-stage hemispherical condenser.

In most cases, the direction of the electric vector CL of the transverse la-
sers was chosen parallel (:i ,9=00) or perpendicular ('., 9=900) to the direc-
tion of relative velocity. The polarization dependence of the signal is expected

(9,14) to have the form I(9)=.. a. cos 2nO, where J is the angular momentum of

the excited Ne* atom. Test measurements of I(9) for the total electron intensity
showed only small contributions from terms with n-I. The Ne(3s P ) state may be
polarized through optical pumping to the Ne(3p iD,) state in a region upstream
(>_8 mm) from the reaction center. With a sacrifice in signal, the Ne(3s 'P.)
state can be prepared in a purelM =O(ill) population by excitation to any of the
Ne(3p J=2) states; the M1=1,2 levels are removed, whereas the Ne(3s 'P , M =0)
level, which cannot be excited by linearly-polarized light for a J=J' transi-
tion, even gains population through spontaneous decay from laser excited
Ne(3p J=2, Mi=l). We have used the transition - Ne(3s 'P,)-- Ne(3p 'D.) at
633.4 nm, for which the final -'Ne(3s P M=O) population is calculated (23) to
be 28.7. of the total initial • Ne(3s P.) population. In the evaluation of the
data, one has to correct for the signal due to the fraction of unpolarized, non-
pumped -1, Ne(3s P:) atoms, which amounts to 9.9', of the initial Ne popula-
tion.

Table I summarizes the values for the alignment M, (1,23,24) and the asympto-
tic x= M! populations s(!..), which result from the two mentioned optical pumping
schemes; for i~il, the collision frame and the photon frame coincide, whereas for
[j., the given values for s(,.) correspond to the diagonal elements of the -:II -
density matrix after rotation through 900. The influence of residual magnetic
fields (.10-' T) and depolarizing collisions (target density 5x010'/cm1) on
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the -distribution is negligible under our experimental conditions.

Table 1: Alignment M2 and asymptotic populatons s(-) _ for Ne(3s P ) and

Ne(3p 
3
D) atoms polarized by laser optical pumping (see text).

Polarized Level M s(O) s(1) s(2) s(3) s(O) s(1) s(2) s(3)

Ne(3s P2 ) via Ne(3p J=2) -1.195 100 0 0 - 25 0 75 -

Ne(3s 
3
P2) via Ne(3p 

3
D3 ) -0.797 47.6 47.6 4.8 - 13.7 26.0 60.1 -

Ne(3p D
3
)from Ne(3s 

3
P2 ) -0.962 47.6 47.6 4.8 0 8.9 20.8 17.3 53

3. RESULTS AND DISCUSSION

Fig. 3 shows the electron energy spectra due to ionizing collisions of state-
selected Ne(3s 

3
P2 ) atoms with Ar atoms at two Ne velocities (VNe 800 m/s,

1200 m/s) and for the two polarizations 1I and ._ , created by optical pumping
via Ne(3p D.2ps), see Table 1. The total cross section Q;:'j) (integrated spec-
tral intensity) is found to exceed Q(z.), and one recognize a shlft of the u -

spectra towards higher electron energies. The fine structure branching ratio
F=Q(3/2),Q(1/2) is slightly larger for ::_. than for :11 and in satisfactory agree-
ment with the earlier unpolarized data of Hotop et al, (22); these authors nave
already given a qualitative discussion of the shape of the peaks, which signals
a very small ("5 meV) attraction in the entrance channel V (R) ,19,20) and an es-
sentially monotonic difference potential V*(R)-V+(R), increasing with decrea-
sang R. These findings are in full accord with the behaviour of the potentials
V (R) in Fig. 1 and of the ionic potentials V+(R) for Ne+Ar

+ 
(15). We note that

our calculated potentials V*(R) for Ne(3s P. )+Ar (Fig. 1) deviate somewhat from
the two potentials, which have been extracted from independent elastic differen-
tial scattering data (19,20); our potential is roughly an average between these

Ne (3s 3P2 ) - Ar Ne Ar* (2P 3,2 , /2 ) e- FIGURE 3
2.0 1 1 1 1 ' '
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0ping to the Ne(3p 

3
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2
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two potentials. Data for Ne(3s P )+Ar were also obtained by polarization via
the Ne(3p 0 =2p.) state; they snow the same trend as in Fig. 3, but a smaller
ratio Q(: 1)/Q(j_), as expected f,r the less perfect asymptotic conditions (see
Table 1).

Fig. 4 presents improved data for Ne(3p D,)+Ar, measured - as the spectra in,
Fig. 3 - with 10 mcV resolutio, (1WHM). Both fine structure components exhibit
sub-structure due to the enery-split -components of V*(R) (see Fig. 1). lhe
velocity - and polarization dependent peak at higher electron energies is 'ie to
the potential maximum in the _=O channel (15). The erergy locations and widths
of the spectra are compatible with the calculated potentials (Fis. 1) together
with our semi-empirical ior,ic potentials V+(R) (15). The spectral shapes. total
areas and fine structure ,ranching ratios are all found to strongly depend on
the asymptotic polarization (see Table 2).

A rather detailed aralysis has been previously reported for Ne('p.)+Ar. A
semiclassical close coL ling method was applied to describe the evolution of the
polarized collision system in the coupled entrance ciiannels (including
Nee(2p )+Ar)). It was realized that the experimental polarization effects could
not be reproduced with an -independent local autoionization width F(R), which
lead- to a calculated ratio Q(>u)/Q(,.L) of 1.01 and F=2 independent of polariza-
tion. A dependence of the width on the initial and final state -:is therefore in-
troduced and expressed in terms of a small number of reduced electronic transi-
tnon matrix, elements um+nkmv (m+,mcmv are the projection quantum numbers of the

Ne (3p D3) *Ar - Ne+Ar (2P32,112) e- FIGURE 4
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Table 2: Polarization dependence of total cross sections Q and fine structur,
brancning ratios F for Ne(3s P )-+Ar and Ne(3p OD.)+Ar.

rstA ns .2 6() 10 ':(F r :

,.o arized via 1.200 1.14,?V -

Ne(3p -D,-Ar 10 7.)), 1.
:modfrom 2 00 >24

NE:2 S > Jp 1,200 1.18(d _.20(r 1 7 12
a Correc ed for cioscrioutions from unoolarized 21,22e -sP91=r 1 's ons
tne axperimnental spectra (Fia.2)

orol tz -orgular mnmenta of the Ar+-ion, of the Ne*-core, and of 'he ,!e* valence
electrr with respect to the internuclear axis) .oy comparison fmcasured an,
calcuiateo values fur Q and F for the eight Ne13p 1,2,3)±Ar systemis 14 ,15)
the important unmm m were determined as l15):u .- 1.76(+ 10'); u_-=1.26(+ 5.);

f.: =-O. 25,> -2) u.. - 0-. 33( _40~) ie. 'r( 3p-) to Ne(2-) transfer, accosos-
nied by some Ar(3o-) to lNe(2p-) transfer, dominates the autoionilzation process.

For TNe)2s 'P _,+Ar, we have taken the following aoproacn 4n an attempt to ra-
tionalize the observed polarization effect: in view of the small eneriy splthc
tings becween the differenci-components of V*(R) (Fig. 1), we assume tnat :ne
core polarization can be considered as space-fixed througnout the coli:sicn
along classical trajeclories, as illustrated in Fig.5 Our, model calculations
of the total and partial cross sections consist of adding incoherently the sum
of all autoionization contributions for all impact parameters along tne -espec-
tive curved trajectories with local -dependent widths -(R)=w-.p(R), which con-
tain constant wights w (as fixed oy u /u =-O.106) and a realsonable choice
for a common R-dependence. ',t each R for any trojectory the diagonal ano non-
diagonal elements of the system's density matrix lose 'lux by au-.ionizat:Jon ac-
cording to their appropriate coupling width, as will be oescnibed in detail
elsewhere (25). The density matrix is propagated along the trajectory from the
sta cing asymptotic density matrix by repeated infinitesimal rotations accordino
to the rotation of the internuclear axis (body fixed frame) vith rospect to 'he
space-fixed frame. So far, calculations have been carried out with the coice

* (R=A eo(-3(R-0)) A~4meVb~1 1 5 .R-6 a0), vwhich yields reasonable agree-
ment of the Lomputeo cross sections with the experimental energy dependence of
tne to.al ionization cross section (19,2--29) and of the electron energy soectra
Fig. I,). The calculated Q(211)/Q(2 1 ) snow a broad maximum in the range
,le0o2 O iiV with values around 1.2i and decrease at higher and lower energies

(range 5-200 meV). Calculaticos if the electron spectra for 2 ,-and ' -0-onditions
qual tatively reproduce the changes seen in Fig. 3. A mrre d~ta,"led descriotion
of toe model and results will be given elsewhere (25).

We conclude our report with a brief discussion of toe ra.so ts ,20) for the
electron spectra of Ne(4s 3=2)4-Ar, Ne(4p J=3)+Ar, and Ne,(41 "=4)+Ar. Since these
systems are Rydberg states attached to the Net-Ar ionic poantials, one expects
well depths of comparable size, especially for non-penetro!t o Rydberg orboitals
such as Ne(4d). In agreement withi recent esults for Ne4+Ar1 3i,, the well deoto
for Ne(4d)+Ar is found to be close to 160 meV as concluded from the location
oi '-he low-unergy-voge of the spectra; those for Ne(4s,4p)+Ar are about 30 V
sinalic. These findings are in good qualitative agreement with the behaviour cff
the Na(JIs,4di Ar potentials, calculated by Dbren et a]. (32). Only the Ne(4p)i-Ar
soectrun shows a significant polarization effect, again favouring :11,-preoaratlion
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FIGURE 5

Illustration of the classical model used to explain the polarization
dependence observed in ionizing Ne(3s 'P2)+Ar collisions. The asymptotic
atomic polarization, prepared by laser-optical pumping, is considered as
space-fixed along the classical trajectories in view of the small
--splittings for this system.

and compatible with expectations on the basis of the Na(4p)+Ar interactions (32).
From a comparison of the relative polarization-averaged electron intensities

with the relative time-integrated excited state densities (30), one can deter-
mine the relative cross sections Q for the three systems. From data measured
with the experimental setup shown in Fig. 2 and the electron detector positioned
at 600 (relative to the Ne -beam), we have found with uncertainties of 10-20.
(30) Q(4d):Q(4p):Q(4s)=0.14:0.86:1, i.e. an unexpectedly small ionization cross
section for Ne(4d J=4)+Ar.

In order to rule out electron angular distribution effects as a major source
for the observed anomalous cross section ratio, we have repeated the experiment
in a different apparatus; a cylindrical mirror analyzer with its axis perpendi-
cular to the neon and laser beams samples all electrons ejected into a narrow
cone, which encloses the "magic" angle (54.70) with the syimIietry axis. The tar-
get gas beam was directed along this axis. As before, the Ne(4s,4d)+Ar spectra
showed no significant polarization dependence, and the relative polarization-
averaged cross sections came out as Q(4d):Q(4p):Q(4s)= 0.16(2):0.87(4):1 in
good agreement with the earlier data (30).

In view of this result and the similarity of the electron spectral shapes and
potentials V (R) for these three systems, it is most likely that the comparati-
vely small ionization cross section for Ne(4d J=4)+Ar reflects a low autoioniza-
tiun width (we note that collisional mixing with the nearby Ne(4f)+Ar states may
also play a ruie (33)). Whether our results for Ne(4s,4p,4d)+Ar indicate a ge-
neral behaviour for Penning ionization of ground state atoms X in collisions
with An) Rydberg states (which are not electric dipole-coupled to the ground
state A) remains to be seen.
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ENERGY TRANSFER PROCESSES OF ALIGNED EXCITED STATES OF Ca ATOMS

Dieter NEUSCHAFER, Michael 0. HALE,* Ingolf V. HERTEL, and

Stephen R. LEONE§

Jc'nt institute for Laboratory Astrophysics, National Bureau of Standards
anid University of Colorado, and Departments of Physics and Chemistry,
University of Colorado, Boulder, Colorado 80309

Effects of orbital alignment on the near resonant energy transfer process
from Ca(4s5p 1PI) to Ca(4s5p 

3
pj) induced by collisions with rare gases

are studied in a crossed molecular beam. A linearly polarized, pulsed
ultraviolet laser is used to introduce the initial orbital alignment, and
the relative energy transfer cross sections as a function of alignment are

monitored by time-gated fluorescence detection. Different results are ob-
served with several rare gases; a rather large, -50% enhancement in the
rate is observed for the perpendicular vs. parallel approach with He and
Ne. A smaller, but opposite effect is observed for Xe, and no effect of
alignment occurs with Kr.

1. INTRODUCTION

Studies of the effects of alignment on inelastic collision phenomena are
just beginning. In spite of the fact that there are very few direct measure-
ments of the influence of atomic or molecular alignment on energy transfer
probabilities, a number of recent experiments show promising new details con-
cerning the effects of alignment and orientation on both reactivity and energy
transfer (1-10). Such experiments have the capability to elucidate important

geometry-dependent aspects of potential energy surfaces and the curve crossing
mechanisms that occur during collisions.

In the experiments to be described here, a simple energy transfer system
is considered between near resonant states of electronically excited calcium
atoms induced by collisions with rare gas atoms. The particular process of
interest is the near resonant spin-change:

Ca(4sbp 1PI ) + M + Ca(4s5p 3P2 ,1 ,0 ) + M 
+ T = 177 cm

"1

Since the wave functions of the two electronically excited states in this case

are mixed, the spin change is not rigorously forbidden. A facile transfer oc-
curs even with weak perturbers such as rare gas atoms and has the appearance
more like a fine structure-changing process.

This energy transfer system provides an almost ideal case for both experi-
mental and theoretical studies of the effects of orbital alignment on a near

*Present address, Department of Chemistry, Mass. Inst. of Technology,

Cambridge, MA 02139.
tPresent address, Institut frr MolekUlphysik, Freie Universitst Berlin, nion
Berlin 3, West Germany.

§Staff Member, Quantum Physics Division, National Bureau of Standards.



586 D. .Veuschdfer et aL

resonant energy transfer process that involves a curve-crossing mechanism.

Several experimental advantages can be noted. Because of the absence of nu-
clear spin hyperfine interactions, the Ca IP1 state can be completely aligned
via direct excitation from a linearly polarized, pulsed ultraviolet laser at

272 nm. These are the first experiments on alignment effects which employ
pulsed laser excitation; the high signal-to-noise is encouraging for the fu-
ture success of other studies requiring pulsed lasers to achieve wavelengths
not available with cw lasers. The short 60 ns lifetime of the IP, state mini-
mizes the loss of the initial alignment by interaction with the Earth's mag-
netic field to about 5-10%. Fluorescence transitinns from both the 

1
P, and

3
pj states are readily monitored simultaneously in the visible region of the
spectrum with time-gated detection to obtain the relative transition proba-
bilities as a function of orbital alignment.

In consideration of the theoretical aspects of this problem, the Ca* + rare
gas systems are relatively easy ones to obtain potential energy surfaces. It
should be possible in the two-atom system to incorporate all the important as-

pects of angular momentum coupling from initial to final states and to calcu-
late the dynamics of the energy transfer process.

2. EXPERIMENTAL

The experimental apparatus (Fig. 1) consists of crossed beams between Ca
atoms and the rare gas, a pulsed, frequency-doubled, Nd:YAG-pumped dye laser,
a polarization rotator (Pockels cell or Fresnel rhomb), photomultiplier tubes,
and time-gated photon counting equipment (1). The Ca beam is an effusive beam
from an oven at 850 K. The beam is skimmed by an orifice place, 0.75 cm away
from the Ca nozzle to produce a -0.3 mm diam. beam at a distance if 1.5 cm
from the nozzle. The rare gas beam is a continuous, supersonic expansion from
a 100 n orifice which is placed 7 mm below the Ca beam. The rare gas beam is

PHOTOMU LTIPLIERS

FIBER BUNDLES Z5 HEAT SHIELDS

Co BEAM STOP Ca OVEN

RARE
GAS

INLET

6" DIFF PUMP LASER BEAM 2" DIFF. PUMP(INTO PAGE)

FIGURE 1

Schematic of the crossed beam apparatus for studies of energy transfer with
aligned Ca*.
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established with a backing pressure of I atm behind the orifice. The fluxes
of both atom beams and the required relative velocity vectors are calculated
from the properties of the expansions and have been discussed in detail before
(1). Under typical conditions, only one excited atom in 104 suffers a colli-
sion that results in transfer of the IPI state to the 3pj states.

The pulsed dye laser is frequency doubled and tuned to the transition to
excite the second 

1
P, state at 272 nm (Fig. 2). The polarization is rotated

manually with a Fresnel-rhomb retarder or electrically with a voltage on a UV
transparent Pockels cell. The resultant polarization is checked for the de-
yree of linearity with polarization analyzer sheets and is >90L. The Ca IP1
state is excited with a 5 ns pulse, and fluorescent emissions from both the
initially-excited IPI state at 672 nm and from the resulting collisional
eneryy transfer state (

3
po) at 616 nm are collected with two fiber bundles

and collimated onto separate photomultipliers. A typical gate time for the
fluorescence detection is an open time of 200 ns beginning 100 ns after the
laser pulse. High quality baffle arms reduce the scattered laser light
reaching the photcmultipliers to less than one count per laser pulse (laser
power -6UU pJ per pulse).

The signal from the 
1
P1 state is large and is used to normalize for the

amount of the initial excitation. The 3pj signal is 104 times weaker and is

4s 3d4ph9 4
s5pP 2 10  3d4p3F4 32

1. 993kmL

'~4s5s
1So61.nm

671. 7 nm

0 4s21SP

616.2 nm

~4s3d D2

i 2.n 4s3d 3D,.2, I

wd 2 72nr

,-4 4p 3 P2.1. 0

0- 4s 2
'5S0

FIGURE 2
Energy level diagram of the relevant states for the collision-induced transfer
between Ca(4s5p 'P1 ) and Ca(4s5p 3pj).
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detected with time-gated photon counting equipment. Two filters which have a
high rejection at 672 nm are required to prevent the much stronger Ip emis-
sion signal from reaching the photomultiplier. The counts from the 3Ij emis-
sion are integrated for 5000-8000 laser pulses at each angle of polarization.
Both signals are monitored as a function of the angle of rotation of the po-
larization to obtain the relative cross sections as a function of orbital
alignment. In addition, full time resolved signals are acquired with a fast
transient digitizer/signal averager in order to verify the lifetimes of the
emitting states (11).

3. RESULTS AND DISCUSSION

Figure 3 shows the relative probability for energy transfer from the 1P,
state to the 3pj states as a function of the angle of polarization in the
center-of-mass frame for four different collision partners, He, Ne, Kr and Xe.
With Ar no fluorescence intensity from 3pj could be detected because of the
small cross section. It can be seen that for He and Ne the effect is large
and the maximum comes at approximately a 900 angle with respect to the maximum
effect for Xe. by the transformation from the laboratory to the center-of-
mass frame, it is found that the maximum energy transfer cross section for
He occurs when the Ca* p-orbital is aligned essentially perpendicular to the
relative velocity of approach (1). This establishes for the Ca* + He and Ne
systems that the molecular n-state is the preferred geometry to bring about

1 4 He

0

- 1.0

Z Ne

u 1.4
Uz

UJ
o .

crr
_J 1.0 Kr

UJ
> 14

-J .0J~

0 45 90

ORIENTATION OF 'P ORBITAL

(c.m. FRAME)

FIGURE 3

Uata for the energy transfer probability from 1p, to 3p with He, Ne, Kr, and
Xe as a function of p-orbital alignment angle. J



Aligned Excited States of Ca A toms 589

the curve crossing from the 
1
P, to the 

3
Pj states. Although the effect is

smaller for Xe, there is a clear preference for the molecular E-state. For
Kr, no preferential alignment effect is observed.

The results for each of the different rare gases are summarized in Table I,
along with the total cross section obtained in static cell experiments for the
transfer from 

1
P, to 

3
Pj (11).

Table I. Results of alignment experiments for energy transfer between

Ca(4sbp 1Pj) and Ca(455p 
3
pj) induced by collisions with rare gases.

Rare Gas Total (A
2
) Imax/Imin Angle of Imax State

He 25 1.4 + 0.2 100 ± 100

Ne 5 1.7 ± 0.2 90 ± 100

Ar 3 no signal ....

Kr 13 1.0 ± 0.1 constant --

Xe 31 1.25 ± 0.2 -5 ± 10' E

The qualitative trend in the total cross sections has been considered pre-
viously (11). It is explained by a competition between the effect of velocity
on the Landau Zener curve-crossing probability and the effect of the rare gas
polarizability on the potential energy surfaces. The heavier rare gas atoms
have significantly greater attraction and typically are expected to involve
curve crossings at longer range and with greater interaction strength. The
lighter rare gases, especially He, are weaker perturbers, but the curve cros-
sing probability can be enhanced by rapid passage through the crossing region.

The effects of alignment can be explained by consideration of a schematic
set of potential energy curves for the quasimolecular states. Figure 4 shows
two extremes, Ca* + He and Ca* + Xe. The shallow potential well for interac-
tion of the Ca p-orbital with He in the n molecular state leads to a substan-
tial enhancement of the transfer cross section for the perpendicular alignment
compared to the more repulsive E molecular state (parallel alignment). The
laser preselects the collision system on either the R molecular state or the
r molecular state via the initial polarization. Provided that the initial
alignment is at least partially retained in the transition from the laboratory-
fixed frame to the molecular-fixed frame (termed the locking radius), then the

colliding system will follow through with some preferential character of one
potential surface over the other. Hale et al. (1) have given a more rigorous
discussion of these considerations of the locking radius and the maximum align-
ment effect that can be observed when averaged over all impact parameters.

The greater the retention of the initial alignment, the greater can be the

effect due to the orbital alignment in the energy transfer. As shown in Fig.
4, the energy splitting between the a and E molecular states as a function of
internuclear separation can become large well before the curve crossing re-
gion. The orbital then locks into the molecular frame early in the collision
and can retain the memory of the initial alignment throughout the curve cros-
sing region. A significant point to explain the observed behavior is that for
He and Ne the curve crossing for the more repulsive Z state occurs only at
higher energies. Thus, the f-state because of its greater attraction leads to
an efficient crossing between the 

1
P, and 

3
Pj states at a longer distance than

does the more repulsive z-state.
In contrast, the stronger attraction between Ca* and Xe or Kr could cause

the effect of the orbital alignment on the energy transfer to be both smaller
and of opposite character to the results for He and Ne. One possible pictorial
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view is offered in Fig. 4. The higher polarizability of Xe and Kr increases
the well depths as well as the slope of the repulsive part of the potential
curves, especially for the Ca (

3
pj) + rare gas complex. Thus a curve crossing

between the two Z states may be accessible for energies used in this experi-
ment, leading to a contribution to the 

3
pj fluorescence via the E state.

An alternative possibility for the change from u to Z on going from He to
Xe has to do witn the validity of the long-range locking model. For Xe and
Kr, the curve crossing of the ff state occurs at larger internuclear distances
than with He and Ne. Therefore the ratio of the locking radius to the curve
crossing radius may decrease. Thus the original alignment of the IP orbital
defined by the laser can already be changed from a to E at the internuclear
separation where the orbital is locked, i.e., the long-range i and r states
are no longer good quantization frames in the collision system.

In order to test the hypothesis that the efficient transfer for He and Ne
is from the H state out of IP1 to the z state in 3pj, experiments are in pro-
gress to run the reaction in reverse. A clear prediction is that the transfer
in the reverse process should be more efficient for initial excitation of the

(a)

E

C CO NtP +He

(b)

E

R CO* - M
"

FIGURE 4
Hypothetical schematic of potential energy curves for Ca*-He and Ca*-Xe
showing possible curve crossings.
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4. CONCLUSION

Collisional energy transfer events between electronically excited states
can show significant effects due to orbital alignment in the collison. These
experiments are the first alignment-dependent studies carried out with pulsed
laser excitation. The results can be interpreted in terms of simple curve
crossing pictures and await more detailed dynamical calculations, which should
be possible with accurate potential energy surfaces.

This work was supported by the Air Force Office of Scientific Research and
the National Science Foundation.
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AUULINE

By M. J. Coggiola Tune: My Darling Clementine

In a magnet, in a light trap, pumping on the hyperfine,
Dwelt a laser, standing-waver, and some atoms Alkaline.

Gettin colder, gettin colder, gettin colder Alkaline,
Till you can't skip less you spin flip, you're sub-Doppler, Alkaline.

H-new up, and h-new down then, so you're rambling will decline,
With no mode hop, you can all stop, and the record will be mine.

Gettin colder, gettin colder, gettin colder Alkaline,
Till you can't skip less you spin flip, you're sub-Doppler, Alkaline.

There's a substate got the wrong fate, with a moment can't align
Thermal spreading I was dreading, so I lost my Alkaline.

Gettin colder, gettin colder, gettin colder Alkaline,

Till you can't skip less you spin flip, you're sub-Doppler, Alkaline.
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TRAPPING AND COOLING NEUITRAL ATOMS

David E. PRITCHARD

Department of Physics and Research Laboratory of Electronics,
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

This paper reviews a number of ideas for trapping neutral atoms,
cooling them, and performing interesting experiments on them.
Neutral atoms may be confined in traps consisting of static
electric and magnetic fields if they are in quantum states whose
energy increases with field strength. Traps with oscillating
fields may trap atoms in any state. Radiative cooling schemes
can cool particles to milli-Kelvin temperatures using the
Doppler shift, and several proposed cooling schemes may ulti-
mately attain micro-Kelvin temperatures. Trapped atoms will
undergo collisions at ultra-low temperatures where pure s-wave
scattering, resonances, and dipole-dipole depolarization may be
'tudfed. Atom traps afford opportunities for high resolution
spectroscopy. Not only may such spectroscopy provide useful
frequency standards but it may also permit study of quantum col-
lective effects such as superradiance and Bose condensation.

1. INTRODUCTION

In the past decade electromagnetic traps for ions have been used
to perform a tremendous number of seminal experiments in atomic and
molecular physics and chemistry. It is now possible to trap a sin-
gle elementary paylicle and measure its resonance frequencies to
precisions of 10 (VSD84), to cool trapped ions using lasers to
temperatures in the milli-Kelvin range (WTD84), to prepare multiply
charged ions as a target in the study of atomic collisions (CHU84),
and to monitor the temporal behavior of ionic reactants and
reagents in multi-step chemical reactions.

Recent experiments (MPP85, CHB85) have demonstrated that it is
now possible to trap and cool neutral atoms; we can now confi-
dently predict that experiments with trapped neutral atoms (and
possibly molecules) will become increasingly commonplace and will
grow in sophistication and power. In this paper we shall review
the physics of traps and speculate about some of the most interest-
ing things to do with trapped neutral atoms, including dramatic
cooling, collision studies, precision spectroscopy, and observation
of collective effects.
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2. TRAPPING

Colloquially the term trap means to "prevent from leaving", but
as physicists we require a trap to have a definite force of con-
finement. We restrict our attention to neutral particle traps
using only E-M fields generated by charges or currents external to
the trapping volume. (Teflon walls, buffer gasses, superfluid He
films, etc. are excluded.) Thus the ideal trap for neutral parti-
cles would have a static potential with a minimum at the center of
the trap; we shall discuss these "static traps" first. Next we
shall discuss "dynamic traps", which rely on time-varying trapping
forces and/or the motion of the particles to prevent escape.

2.1. Static traps

The energies of interaction of an atom with electric and mag-
netic fields are well known:

U = - 1,E2 (is the polarizability)
2

and U = - u.B = gu BmB

where g is of order unity, m is the projection of the angular
momentum along the B-field, and wB is the Bohr magnetron.

Two fundamental theorems interact to prevent us from trapping
the lowest state of any system:

a) the lowest energy level of any system is depressed by all per-
turbations - thus U of the lowest state will decrease with increas-
ing E or B, consequently atoms in this state will feel a force
toward higher E or B, and

b) a static E or B field cannot possess a local maximum in free
space (WIN84).

This is a serious restriction for an electric field trap, since
in general only excited electronic states of opposite parity to the
ground state will have *<O, permitting them to be trapped, but
these states can decay radiatively. Nevertheless, several propo-
sals have been advanced involving Rydberg atoms (WINS0, MET80) and
the j = I m. = 0 state of polar molecules offers a longer lived
possibilityi(PRI83).

Being able to trap only particles which are drawn to weak fields
is not so serious a limitation for magnetic traps since the spin up
states of paramagnetic atoms (which have UIBI>0)_ ve_1pontaneous
decay rates to the ground magnetic sublevel of 10- s . Traps
one Kelvin deep for atoms with electron spin s = 1/2 are techni-
cally straightforward using superconducting technology.

The first static magnetic field trap for neutral atoms has
recently been demonstrated. This is the simple spherical quadru-
pole trap of Migdall, Phillips, et. a]. (MPP85), which consists of
a pair of Helmholtz coils connected backwards so that zero field is
produced at the center as shown in Fig. I.
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Ae,

41-~

Figure

Cross sectional view of cylindrical quadrupole magnetic trap. Two
loops with opposite currents produce a magnetic field which is zero
in the cen 9er and increases linearly with radius in all directions.
Roughly 10 atoms were confined in this trap for one second. A
i heme for continuous filling of the trap 2nd a cryo-vacuum of 1O-

tort should increase both numbers by 10 , producing an optically
dense cloud of Na.

Our group at M.I.T. is working on a magnetic trap (PRI83) which
has a uniform magnetic field at the center. This is a desirable
property when using lasers to study or manipulate the trapped atoms
because the magnetic field, and hence the quantization axis, does
not reverse direction in the middle of the trap.

2.2. Dynamic traps

Even though a static field cannot possess a local maximum in
free space, one must not conclude thit it is impossible to trap
atoms which are strong field seekers. It is well known that a
charged particle cannot be trapped by static E-M fields because0 in charge-free space and hence the static force, f = qE,

cannot be directed inwards over the entire surface of a sphere sur-
rounding the center of the putative trap (Ernshaw's theorem).
Nevertheless, two classes of dynamic traps for charged particles
are widely used: the Penning trap in which the motion of the par-
ticle (in conjunction with qv xBi forces) prevents its escape, and
the RF trap (POF58) in which a rapid temporal variation of the sign
of the electric fields leads to dynamic stability for the trapped
particle. A third class of dynamic trap involves fields which
oscillate rapidly enough that they must be regarded as radiation -
we will call these "optical traps". We now present examples of all
three types of dynamic traps which have been proposed for strong
field seeking neutral particles.
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A trap for non-stationary strong field seekers may be made by a
current carrying loop like that shown in Fig. 2. Near the wire the
magnetic field decreases inversely as the dista,.ce irom the wire,
so that particles in &n orbit outside the loop will be attracted
not only inwards towards the wire but also towards the plane of the
loop. If the particles' angular momentum L and distance from
the wire loop are appropriately chosen, then the centrifugal force
:which decreases inJersely as the cube of the distance from the
center of the loop since L is conserved) will cancel the magnetic
force, leading ti a stablezorbit. In practice it is helpf'll to
3pace out several coils along z in order to optimize the field
(KO?86 )
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Figure 2

A single nnetic loop can trap strong field seeking atoms in
stable circular orbits which pass through the regions indicated by
dashed lines.

Recently an analog of the RF trap has been proposed for neutral
hydrogen atoms (LMT85) which consists of a loop whose axis is
parallel to a uniform magnetic field. Alternating cjrrent ,n the
loop produces an alternating magnetic bottle which can confine
either weak or s-rong field seekers.

The simplest optical trap relies on the fact that radiatiohi can
be focussed: the field has a local maximum at the center of this
focus, so strong field seekers will be drawn to this center. (This
does not violate the exclusionary theorem on local field maxima
mentioned above since the optical fields are not static.) Unfor-
tunately, opt ical frequency photons possess considerable momentum
on an atomic scale (a Na atom recoils at 3 cm/sec frim emission or
absorption of a single D-line photon) and the resulting spontaneous
forces can lead to sufficient heating of the trapped atoms to eva-
porate them from the trap. This interplay of trapping and heating
has lead to a wealth of theoretical literature on optical traps
(PPM85). We now move on to discuss the converse of optical heating
- optical cooling.
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3. COOLING

The weakness of the neutral atom traps just described prevents
trapping atoms with kinetic energies greater than i Kelvin or so;
yet in the context of trapped atom physics these atoms are incredi-
bly hot - nearly all of the interesting scientific applications of
trapped atoms require atoms orders of magnitude cooler. Milli-
Kelvin temperatures have already been obtained with trapped ions
(WTD85), with untrapped atoms (CHB85), and in supersonic expansions
of He. The likely prospects for obtaining much lower temperatures
is one of the fascinations of trapped atom research.

The simplest cooling scheme involves the Doppler shift (HAS74):
if the atoms are bathed in isotropic monochromatic radiation whose
frequency is just below a resonance line, then photons whose momen-
tum opposes the atomic velocity will be shifted closer to resonance
and consequently preferentially absorbed, resulting in decelera-
tion. Under proper conditions the velocity can be damped exponen-
tially in -10 us; hence this form of cooling is often referred to
as "optical molasses". Recently S. Chu and coworkers have demon-
strated this experimentally (CHB85), achieving cooling to -1/4 mK.
This is close to the limit expected theoretically (W1179, JAV8O)
due to the loss of preferential directionality of the absorbed pho-
tons when the velocity is too slow to produce a Doppler shift com-
parable to the natural width of the transition.

To get substantially below the milliKelvin limit imposed on
Doppler cooling by the natural linewidth of strong resonance tran-
sitions, one can utilize transitions to long lived excited levels
like the 5d level in Cs. Caution must be employed, however, to
assure that the spontaneous decay processes back to the ground

level do not change the magnetic sublevel (i.e. change trapped weak
field seekers to untrapped strong field seekers).

An alternative way to circumvent linewidth limitations for
Doppler processes is to utilize two photon stimulated Raman
processes between sub-levels of the ground level. The Doppler
shift for the two photon process is (1 -kc. 1 which can easily be
larger than the single photon shift. These have an essentially
infinite lifetime so that there is virtually no limit imposed by
the natural linewidth. However, the necessity to optically pump
the atoms back to the original sublevel after the Raman cooling
cycle necessarily involves spontaneous decay, whose photons will
heat the atoms. One photon gives the atom a recoil energy of
(hk)

2
/22M - approximately 1 uK for Na.

Still another way of cooling to microKelvin temperatures has
been proposed (PRI83) in which RF transitions between sublevels of
the ground level are made in a way which rapidly reduces the aver-
age potential energy of the trapped particles. As with stimulated
Raman cooling, the cooling limit results from the spontaneous decay
when the atom is optically pumped back to the original sub-level.



598 D.E. Pritchard

It should not be concluded that the photon recoil energy imposes
an insurmountable limit to optically based cooling cycles - indeee
it 1s possible to cool below this limit by velocity sact optical
pumping. The key idea is to set up conditions so that the atom may
possibly have zero velocity after the terminal spontaneous decay
and then to use some mechanism (either Doppler selective stimulated
Raman or RF transitions will work) which will selectively cause
-'icms whose velocity is greater than some preselected fixed limit
to be subject to another optical pumping cycle with another termi-
nal spontaneous decay. Atoms whose velocities lie outside this
limit will be recycled until their velocity lies inside it.

Two methods exist for cooling trapped particles further: eva-
poration (LMT85) and adiabatic cooling by slow (or cleverly rapid)
weakening of the trap. These have the advantage that they are col-
lective cooling effects and work well at high particle densities,
in .contrast to the optical methods described above which are basi-
cally single-particle and may therefore have degraded performance
at high particle densities.

4. COLLISIONS

As soon as experimentalists solve the practical problems of
trapping a sufficient number of atoms, a multitude of low energy
collision processes will be opened to study. In addition to elas-
tic atom-atom scattering, there will be spin depolarization
processes (bad news for magnetic traps which confine only the spin
up species), line broadening processes (anathema to resonance stu-
dies and Doppler cooling schemes), and three body recombination
processes. In the following discussion of these collision
processes, we shall compute cross sections for typical collisions
involving Na and H.

4.1 Total ground state scattering cross sections

Since atoms interact at long range with the electrostatic poten-
tial CR- , the cross sections increase at lower velocity (SCH56).

Q(v) = 5.11 (C/vj) 2 /5 A2

- [ sin r r(7/51 -1 [WC ,-2/5

The values68 f C are _MAK69) C = 6.2 C = 70 CN -.a,= 1512
(all x 10-  erg cm ), and tleHcorresponging cross setons are of
the form (where T is the temperature in Kelvin)

Q(T) = QxyT- 0 . 2

with Q 14-H 120 QH-Na = 359, and QNa-Na = 2005.

These expressions are invalid at sufficiently low temperatures
because the semi-classical approximation (many partial waves con-
tribute to the scattering) fails when the deBroglie wavelength
becomes comparable to the range of the potential.
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For very low temperatures only s-wave scattering contributes to
the cross section

Qs(T) = 442sin
2 6

where 6o is the s-wave phase shift (and P is the reduced mass in
nuclear mass units). In general, the phase shift will go as 6~ka
at small enough energy (k=[2uE] 2i with . the reduced mass) a is
the scattering length, which is related to the size of the poten-
tial. Then the cross section will asymptote to Q = 4ra2 . a is
known to be 0.72A for H-H in the triplet state (KVS81), but the
Na-H and Na triplet potentials are not known well enough to find
the scattering length. This raises the possibility that there maybe a resonance (6=-/2) with associated cross section

QR(T) = 4,,*2 = 203A2 / uT. (u in a.m.u.)

The total scattering cross sections above, multiplied by the
relative velocity of the atoms, gives the scattering rate constant.
Multiplied by the density, this determines the rate of the momentum
transfer ring collisions - i.e. the rate of convergence toward
thermal equilibrium. This is clearly an important rate, since it
limits the cooling rate when collective cooling schemes such as
evaporation are employed, or when single particle cooling schemes
are leveraged to obtain lower ultimate temperatures by applying
them to the hot tail of the distribution.

For reference, we give typica I numerical example. If -1010 Na
atoms are confined to 1 cTi at 10 K, the sample will be optically
dense (transmission - 10 at line center) and the velocity will be
-am/s. The ground state scattering cross section will be -10-
cm2, leading to a collision rate of -1 per second.

4.2 Spin exchange depolarization

Unfortunately for atom trappers, some binary collisions are
detrimental to the magnetic trapping of paramagnetic atoms. The
most obvious such process is electron spin exchange. At first this
might not seem to be a possible collision process between two spin
up weak field seekers, and indeed this is the case if both atoms
happen to have their nuclear spins up as well. However, weak field
seeking atoms with mF < I+J will have a small component of electron
spin down, and this can exchange with the electron spin up com-
ponent of the wave function on another atom, leaving that atom in a
spin down state which will be repelled from the trap. The reverse
process for strong field seekers has been discussed (KVS81) and
observations in spin polarized H (BHK86) agree with the predicted
cross sections. Thus spin exchange should lead to a self-
purification of the nuclear spin in weak-field seeker atoms: this
poses no problem to experiments in which the atoms are optically
pumped into a state with m F = F before being trapped, except that
it represents a possible loss mechanism when making resonance tran-
sitions of these atoms.
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4.3 Dipole-dipole depolarization

The most pernicious problem for trapped atoms is depolarization
by the dipole-dipole interaction between electron spins. In this
process two spin parallel atoms collide and one or both are
flipped, the requisite angular momentum coming from th. orbital
angular momentum. This process has been observed in room tempera-
ture optical pumping experiments with cross sections -10-1 6 cm3 (for
Cs-Cs collisions, BPC80) given by KVS81 (the atoms are left in a
d-wave after the collision),

w2d 8( __2
Qi-f B 12 ( f/ki)

= 7m2(kf/ki)xlo-
20 cm2

where the v2 comes from the density of final states in first order
perturbation theory.

This expression overestimates the cross section when applied to
trapped Na for two important reasons: the repulsive core of the
Na-Na potential reduces the probability that the atoms are close
together (where the dipole-dipole interaction is greatest), and the
additional energy of 2u IB per spin flipped reduces the overlap
integral between initia and final states. We estimate from KVS81
that the latter effect reduces the cross sections for Na-Na in a
0.75 T field to approximately

d

QNa-Na 5xlO-
8 cm 2 (T-I 2 )"

This gives a constant depolarization rate constant of "1.5xl0-14 cm 3 s-1. constant at all temperatures.

Spin depolarization and subsequent loss of the spin flipped
atoms due to the dipole-dipole interaction may well present the
most serious loss mechanism for magnetically trapped atoms, and a
careful theoretical calculation for Na-Na would be very welcome
(and should soon to testable experimentally). The fact that the
cross section depends strongly on magnetic field adds interest to
such a calculation: it may be possible to reduce the loss rate by
judicious selection of the magnetic field!
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Figure 3

Cross sections for various collision processes involving trapped Na
atoms. The ground state, s-wave resonance, and spin depolarization
±tt-+ cross sections are plotteg. The large 3S-3P cross section
results from the resonant +C3 " R interaction between the excited
state and ground state atoms of the same species.

4.4 Three-body recombiriation

At sufficient densities, three body collisions which lead to
formation of bound dimers will cause loss of atoms both because of
the energetic products and (worse) because of subsequent heating of
other trapped atoms due to energy transfer from the hot internal
excitation of any dimer which remains in the trap. One of the
great attractions of hydrogen Is that the triplet potential does
not have a bound state - consequently three body recombination will
happen in pure H only in three body collisions in which a spin
depolarization Qwcurg as well. This reduces the three body rate
constant to 10 "I. cm9 s (KVS81), a value confined experimentally
(BHK86). For Na it is difficult to estimate the rate constant
except by crude extrapolation of heated cell work (eg. SCG76) -
fortunately simple models predict a weak temperature dependence,
lending some confidence to our guess of 10- 3 *1 cm s
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5. PRECISION SPECTROSCOPY AND FREQUENCY STANDARDS

One of the main motivations for neutral traps is the prospect of
extremely precise spectroscopy. The cooling schemes mentioned pre-
vio~gly are capable of reducing the second order Doppler shift to
10 or less, holding out the promise of unprecedented spectros-
copic accuracy. Since neutral particles perturb each other far
less than charged ones, neutral particle traps can maintain high
spectroscopic precision at particle densities many orders of magni-
tude higher than the corresponding limit in ion traps (BP185), sug-
gesting that frequency standards of good short term precision may
be possible.

There is, however, one obvious barrier for precise spectroscopy
of trapped neutral atoms: the trap! This barrier arises because
the energy of interaction of the trapped atoms with the (inhomo-
geneous) fields which constitute the trap generally depends on the
internal quantum state of the atom, leading to inhomogeneous
broadening (this is not the case for trapped ions).

Inhomogeneous broadening can be greatly reduced by selecting a
field-independent transition such as the one between F=O mF=O and
F=1 .F=O at B=O in Na. A more suitable choice is between "F"=2
IF=2 and "F"=2 iF=l (the quotation marks indicate that F is a label
only and not a good quantun, number at finite magnetic fields) which
for sodium has a fractional frequency shift of only

1M 2, = 3x10-2 T- 2

' MB
2

at the magnetic field value where the first derivative vanishes.
If the trap is adjusted so that its field minimum has this value,
will not be affected by the thermal Wotion of the particles in
first order. Particles with T = 10- K will 6"ride up" the magnetic
trap walls by an amount AB = kT/ B = 1.4xO T (both states have
equal magnetic moment, mB at thislBSeld ) . This will lead to a
fractional shift of lees than 10- , permitting high resolution
spectroscopy ( s v < 10 Hz). In fact, it is reasonable to contem-
plate the use of trapped atoms for a frequency standard since the
temperature can be accurately measured by the broadenings or shifts
of other field-dependent) transitions, or may be reduced well
below 10 K by various methods discussed previously.

6. COLLECTIVE EFFECTS

Perhaps the most interesting, and certainly the most specula-
tive, possibility for trapped atom research, is to achieve condi-
tions in which quantum collective effects may be observed and stu-
died. Low temperature is a principle ally in this quest because
the reduced deBroglie wavelength is

d = h/p = h = 4A(LT)1/2 .
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Thus Na at O-6 K has f ~ 10-5 cm, the reduced wavelength of its
resonance light. Cooling below this limit causes the quantum
coherence length to exceed the light wavelength, raising the possi-
bility of observing light scattering from collective excitations of
the gas. Certainly one will reach a new regime in superradiance
because Doppler broadening will be eliminated (the atoms move only
1% of a wavelength in one spontaneous decay time).

A most interesting possibility is Bose condensation. This may
occur when the particle density exceeds ) 3 - i.e. when the average
interparticle spacing is less than one deBroglie wavelength. This
is manifest as the condensation of a significant fraction of the
particles into the lowest quantum momentum state, the 0, 0, 0
vibrational level of the trap. Bose condensation causes anomalies
in the specific heat and other thermodynamic properties of the qas.
More dramatically, it is manifest as a narrow spike in an otherwise
inhomogeneously broadened resonance curve. It is not only the
exact nature of the condensate which is of fundamental interest,
but also the mechanism of its spontaneous growth in a sample cooled
below the transition temperature.

These speculations, as well as our current attempts to do some
of these things experimentally, are supported by ONR. I am also
grateful for help with the figures from V. Bagnato.

REFERENCES

BHK86 D.A. Bell, H.F. Hess, G.P. Kochanski et. a!.,
submitted to Phys. Rev. B.

BPC80 N.D. Bhaskar, J. Pietras, J. Camparo, and W. 11apper,
Phys. Rev. Lett. 44, 930 (1980).

BP185 J.J. Bollinger, J.D. Prestage, W.M. Itano, and D.J.
Wineland, Phys. Rev. Lett. 54, 1000 (1985).

BRM81 T. Breeden and H. Metcalf, Phys. Rev. Lett. 47, 1726
(1981).

CHB85 S. Chu, L. Hollberg, J.E. Bjorkholm, A. Cable, and
A. Ashkin, Phys. Rev. Lett. 55, 48 (1985).

CHU84 D. Church in Atomic Physics 9, eds. R.S. VanDyck and E.N.
Fortson (World Scientific, Singapore, 1984), pp. 137-153.

HAS74 T.W. Hansch, A.H. Schawlow, Optics Comm. 13, 68 (1974).
JAV8O J. Javanainen, App. Phys. 23, 175 (1980).
KOP86 G. Kochanski and D.E. Pritchard, in preparation.
KVS81 Yu. Kagan, I.A. Vartanyants and G.V. Shlyapnikov, Zh.

Eksp. & Teor. Fiz. (USSR) 81, 1113 (1981).
LMT85 R.V.E. Lovelace, C. Mehanian, J.J. Tommila, and D.M.

Lee, to be published Nature 1985.
MAK69 H. Margenan and M.R. Kastner,

Theory of Intermolecular Forces,
Pergamon Press, New York, 1969.

MET80 H.J. Metcalf, Phys. Rev. Lett.
MPP85 L. Migdall, J.V. Prodan, W.D. Phillips, T.H. Bergman,

and H.J. Metcalf, Phys. Rev. Lett. 54, 2596 (1985).
POF58 W. Paul, 0. Osberghaus, and E. Fischer, Forchungsher.

Wlrtsch. Verkhrsministerium Nordheim-Westfalen
No. 415 (1958).



604 D. E Pitchard

PPM85 W.D. Phillips, J.V. Prodan and H.J. Metcalf, JOSA B,
Nov. 1985.

PRI83 D.E. Pritchard, Phys. Rev. Lett. 51, 1336 (1983).
SCG76 R. Scheps and A. Gallagher, J. Chem. Phys. 65, 859

(1976).
SCH56 L.I. Schiff, Phys. Rev. 103, 448 (1956).
W1179 D.J. Wineland and W.M. Itano, Phys. Rev. A 20, :521

(1979).
WIN80 W.H. Wing, Phys. Rev. Lett. 45, 631 (1980).
WIN84 W.H. Wing, Progress in Quantum Electronics, 8, 181

(1984)'
WTD85 For example, this has been accomplished by Wineland

et. al. at N.B.S., by Toschek et. al. at Heidelberg,
and by Nagourney et.al. at Seattle.

VSD84 R.S. VanDyck, P.B. Schwinberg, and H.G. Dehmelt in
Atomic Physics 9, eds. R.S. VanDyck and E.N. Fortson
(World Scientific, Singapore, 1984), pp. 53-74.



fLItfTRONIC .4ND A TOMIC COLLISIONS
D.C. Lorents, |W E. Meyer/ioj, J. R. Petervon (eds.) 605
© Elsevier Science Publishers R V., 1986
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1. INTRODUCTION

Quite generally the information available on the detailed structure of liquids is
much less abundant than our knowledge on isolated atoms and molecules on one side
and on the crystallized state on the other side. This statement holds for both, the ex-
perimental and the theoretical approach to acquire information on liquids. The reason
for this situation lies in the very complex nature of this state of matter which lends
itself much less to a description by an idealized model. The concept of the molecular
structure of liquids usually reduces to the pair correlation functions which can be eva-
luated from X-ray, neutron or electron diffraction data (1). For liquid formamide which
will be the main subject of this paper this type of data has been taken by several
authors (2,3). More detailed information on the relative orientation of pairs of forma-
mide molecules within the liquid has been sought by means of ab initio calculations,
but final conclusions are difficult to obtain (3).

The situation seems somewhat more favourable if one surveys the literature that
deals with the electronic structure of liquids. Electromagnetic radiation provides the
means to probe the electronic properties. Again with respect to formamide, several
experiments have been performed: reflectivity from the visible to the VUV range and
the yield of emitted electrons per absorbed photon (4,5). These measurements resulted
in the determination of the complex dielectric function and the mean free path of
electrons. Electron spectroscopy was applied with X-rays (6) and with photons of the
Hel resonance line (7). It is interesting to note that studying the electronic properties
of formamide resulted in one case in a strong suggestion with respect to the molecular
structure. Siegbahn et al. (8) concluded from their data that the formamide molecules
are arranged in chains within the liquid.

The studies reported above refer to the bulk properties of liquid formamide. To our
knowledge no attempt has been made to clarify specifically the surface structure of
liquids. In this paper we report a novel method to investigate surface properties in di-
rect comparison to the bulk properties of a liquid. We use electron spectroscopy under
impact of thermal metastable He* atoms versus Hel photons. We find remarkable dif-
ferences between both modes of ionization. For (non-metallic) liquids they must be
attributed to the well known fact that He* atoms can release their energy only to the
topmost layer of the surface whereas photons penetrate several layers deep. Thus, He*
atoms probe the electronic structure of the very surface whereas Hel photons make
bulk properties visible. So far we have applied the method to formamide, N-methyl-
formamide, dodekane, benzylalcohol, and mercury.

2. EXPERIMENTAL

To a molecular beam machine which was used so far to study the reaction of meta-
stable He* atoms and Hel photons with atoms and molecules by electron spectroscopy
we have added a liquid target. It is realized by a vertical liquid beam similar to the
one described in (1).

It is an important feature of our measurements that He* atoms and Hel photons
are produced in the very same He-discharge. The effect of the thermal He* atoms on
the liquid target and that of the Hel photons is separated by means of a chopper wheel
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and a time of flight method. Thus, we are able to distinguish both projectiles while
performing the measurements under otherwise exactly the same conditions. Conse-
quently, we can compare the data from UPS (ultraviolet photoelectron spectroscopy)
and from MIES (metastable impact electron spectroscopy) down to details.

3. RESULTS

For liquid formamide we find in UPS that Hel photons populate all observed bands
fairly evenly (fig.2). On the other hand He* metastables react predominantly with the
n-orbitals rather than with the o-orbitals of formamide (fig. 3). Considering the reaction
mechanism of He* atoms we must conclude that the u-orbital of those molecules which
form the outermost layer must protrude out of the surface whereas the o-orbitals do
not. This in turn requires the molecules to lie flat on the overall surface since the
lobes of the u-orbital are oriented perpendicular to the molecular plane. Thus, meta-
stable impact electron spectroscopy (MIES) contains information on molecular orien-
tation. In combination with the known chainlike arrangement of formamide molecules
in the liquid (8) we may conclude that the surfaces of liquid formamide is composed
of chains of molecules which lie flat on the surface.

So far we have evaluated the relative band intensities of the MIES spectrum. How-
ever, there is more information contained in the data. Firstly, if we compare the
widths of the two u-bands as obtained in MIES and in UPS we find that the former
values are smaller. If we identify the MIES data with surface properties and the UPS
result with bulk properties then we must state that the surface bandwidths amount to
ca. 80% of the bulk bandwidths. This ratio is in good agreement with the results of a
simple bandwidth calculation based on the tight binding model. It ascertains our as-
sumption that UPS indeed probes bulk rather than surfaces properties. A further hint
to this end consists in the fact that our UPS spectrum (fig.2) has almost zero inten-
sity near 9.5% eV electron energy. This is in distinct contrast to the UPS spectrum
from (7) which is shown in fig.1. According to (7) this is intensity due to electrons
which have lost energy during their travel from within the bulk to the surface.

The authors evaluate their spectrum and conclude that only a small fraction of
bulk electrons reaches the surface without loss of energy. This in turn would mean
that the electrons within the band near 10 eV electron energy should originate from
the surface and should not represent bulk properties. However, our own UPS spectrum
(fig.2) which shows few electrons outside the bands (i.e. near 9.5 eV) indicates that
the number electrons which experience energy loss in the liquid cannot be as high as
assumed in (7). The lack of intensity near 9.8 eV cannot be an experimental artefact
since the MIES spectrum - measured simultaneously - exhibits a peak at this energy
(fig.3). We conclude that our UPS spectrum is composed dominantly of electrons re-
leased in the bulk.

In the light of the preceding discussion the last piece of information which we find
in our spectra is noteworthy. It is known that going from gas to liquid phase the ioni-
zation energy is lowered. This is simply due to the electronic relaxation energy of the
molecules which surround the formed ion in the liquid. It is obvious that the relaxa-
tion energy should be smaller at the surface than in the bulk. Still, we observe the
same value E z, 1 0 + 1 eV for both spectra MIES and UPS. This means that the
emitted electix leaves the ionized molecule in a surface position in both modes of
ionization. In consequence we have to approach the question how an ion created
within the bulk by HeI-photons can reach the surface during the short time the
emitted electron is able to interact with the liquid. It is obvious that no true motion
is possible. However, an ion at the surface can be produced by the motion of the
electronic hole state rather than of the complete ion. Thus, one might speculate
whether an electron hole pair created by a Hel photon carries out a correlated motion
in liquid formamide. In case that this correlated motion of electron and hole is aimed
at the surface then the hole will remain in a surface position while the electron
reaches the vacuum (and the electron spectrometer).
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In conclusion we state that taking electron energy spectra from MIES and UPS
under otherwise identical conditions allows to derive interesting information on liquid
surfaces. For formamnide we have found clear evidence that the surface molecules lie
flat on the surface. Further, the data lead us to interesting questions with respect to
tne motion of electrons within the liquid and the possible existence of exciton-like
electron-hole motion.
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DOUBLY EXCITED AUTOIONIZING STATES

T.F. GALLAGHER

Department of Physics, University of Virginia, Charlottesville, VA 22901

Using multistep laser excitation in which each of the two valence electrons
of alkaline earth atoms are excited separately it is possible to excite
only the doubly excited state, not the underlying continuum. This simpli-
fication allows inherently complex spectra of interacting autoionizing
states to be unraveled.

1. INTRODUCTION

An interesting aspect of the spectra of multielectron atoms is thu fact
that they have autoionizing states, that is, states in which there is enough
energy invested in two or more electrons to allow one electron to be removed
from the atom. The apparently simplest case in which autoionization occurs is
He, which has only two electrons. However due to the fact that He+ has de-
generate energy levels for n > I thEre is @preciable correlation of the two
electrons for all the autoionizing states.'M  Consequently the alkaline earth
atoms, with two valence electrons outside a closed shell core, are in many
cases simpler.

As an example we shall consider Ba which has been studied extensively. in
Figure 1 we show the energy levels of Ba up to the second ionization limit.
The Ba+ levels are shown as bold lines. These are the levels for one of the
two valence electrons added to the closed shell Ba+ core. Note that for Z < 4
that the levels are energetically separated whereas for z - 4 they are de-
generate. This is an important distinction. Adding the second electron to
a low i state of Ba+ produces a small shift in energy of the Ba+ state, at
least small compared tG the separatiun of the low Ba+ levels, and in this
case adding the second el-ctron produces a ;eries of Ba states converging to
the Ba+ state as shown by the shaded areas of Figure 1. The series converging
to the Ca+ 6s state are the familiar bound states, but there are analogous
autoionizing series converg;ng to each of the low states of Ba+ . This is of
course an independent particle picture which has been shown to work well for
low k states nm' for which m-n>2. For m=n however we would expect this
pictJre to fail as the two electrons would be equivalent and therefore highly
correlated.

Turning our attention to the high ; Ba+ states of Fig. 1, we see that they
are degenerate and that there are no Rydberg states shown converging to them.
The fact that the levels are degenerate means that the electric field of the
second electron mixes and shifts the levels from the Ba+ level posit~ons
shown in Figure 1. As these two effects will depend upon the precise location
of the second electron it is clear that the motions of the two electrons will
be correlated. Thus these states can not be described as autoionizing states
converging to specific high states of Ba+.

Here we shall focus on the Ba states converging to the low Z states of Ba+ ,

primarily because these are the states which have been studied experimentally.
If the two electrons were really independent, the only decay mechanism would
be radiative decay. In fact though the coulomb interaction of the electrons
couples the doubly excited states to the continua above lower lying Ba+ states,
and the doubly excited states autoionize rapidly to the degenerate continua.
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+ FIGURE 1

The energies of Ba and Ba up to the second ionization limit. The Ba states
are shown as bold lines, and the Ba states converging to them are shown by the
striped+lines. This simple picture fails for the Ba states converqing to the
high Ba states, so no Ba states are indicated.

Although fcr many years
4 
autoionizing states may have been more of a cur-

iosity than anything else, recently it has become increasingly clear that they
have real practical significan e. For example, the inverse of autoionization
is dielectronic recombination, a two step process in which an ion captures an
electron tc form an autoionizing state which may either autoionize or radlat-
ively decay to a state below the lowest ionization limit.

If radiative decay rather than autoionization occurs in the second step
dielectronic recombination has occurgd. This process is used as a temperature
diagnostic for astrophysical plasmas and is an important factor in radiative
power loss by impurity ions in tokamak plasmas because it lowers the charge
state of these ions . It is clear that to reach any sort of understanding of
dielectronic recombination requires that the process of autoionization be well
understood. In addition to its obvious role in plasmas, autoionizing states
havP mostly become the focus of several schemes to produce lasers at visible
and ;horter wavelengths.

8
,
9 

In fact a laser using a Ba+ transition has al-
ready been made by photo xciting Ba autoionizing states whi i rapidly decayed
to the excited Ba+ state5 which was the upper laser level.

Autoionizing states are inherently more complex than their bound analogues
due to the coupling to the degenerate continua. In traditional spectroscopy
this situation has been further complicated by the fact that photoexcitation
to the doubly excited states and the underlying continua are comparable in
strength and interfere to produce the Beutler-Fano interference profiles
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comnonly associated with autoionizing states.
10

Here we describe a multistep laser excitation approach with which it is
possible to excite only the doubly excited state but not the degenerate
continuum,11 thus untangling the excitation from the study of the interaction
of the doubly excited state with the continuum. The simplicity of this ex-
perimental approach allows the detailed study of inherently complex problems,
such as interacting autoionizing series 1 2 . Here we briefly review the exper-
imental multistep excitation approach, and describe several applications of Lh2
.ithod.

2. MULTISTEP EXCITATION

The multistep excitation scheme is perhaps unusual in that it is both con-,
ceptually and practically simple. The method was first used by Cooke et al. 1'
tn study the 5pn autoionizing states of strontium, which are analogous to be
Ba 6pn; states shown in Fig. 1. Since then the method has been applied and
extended by several research groups to a variety of problems. Since we shall
later consider the excitation of the Ba 6pnd states, we shall use them to
illustrate the method. 12 ,13 In Fig. 2 we show the relevant energy levels for
the excitation of the Ba 6pnd levels.

6 P 3 12 &Z_'ZLI - 6pnd J=3
6P112

Ba+ 5dj LL.L/ V 3

6si,2

Z/6snd 1,3 D2

6s6p 1P10

Ba __ 6s 2 'So

FIGURE 2
Ba energy levels showing the laser excitation

As shown by Fig. 2, there are three lasers involved in the excitation. The
first and second lasers, at fixed wavelengths, excite the Ba atoms from the
6s6s level to the 6s6p level and then to a 6snd level, a bound Rydberg state.
The third laser drives the transition 6snd - 6pnd, from the bound 6snd Rydberg
state to the autoionizing Rydberg state, which autoionizes yielding an ion and
an electron. As the third laser is swept through the 6pnd state, we observe
an ionization signal proporzional to its spectral density-- and essentially
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nothing else. Why this method works so simply becomes clear if we consider
what we are doing to the atom with each laser, as shown schematically in Fig. 3.

As shown by both Figs. 2 and 3, the first two lasers excite one of the
electrons to a Rydberg state. From Fig. 3, though, it is clear that the outer

6s2  e- e-

LASERS 18 2

6s15d

LASER 3

6p 15d B+

FIGURE 3
Sketch of the effort of the lasers in the Ba atom. The first two lasers excite
one electron, and the third laser excites the second electron.

Rydberg electron spends most of its time far away from the ionic core near its
classical turning point at large orbital radius. The third laser drives the
inner electron transition 6s - 6p while the outer electron remains a spectator,
which makes small adjustments in its orbit as required by any difference in
quantum defect of the snd and 6pnd states. We note that this is the resonance
line of Ba+ , f , 1. and it is spread over the autoionization width of the
6snd state, , 10 cm-. This leads to peak optical absorp on c5oss sections
for the excitation of the 6snd 6pnd transitions of 10- cm. This is to be
compared with direct photoionization of the Rydberg state 6snd (6snd - 6saf,
for example) by a visible photon. Because of the gross mismatch between the
slow spatial oscillations of the nd radial wavefunctions near the classical
turning point where the nd electron is likely to be found and the rapid spatial
osillations of 2 eV contiyuum waves, the direct photoionization cross section
is negligible, 10'- 2 cm . 5 Since photoionization is effectively absent, at
any photon energy there is only one non zero transition amplitude, 6snd- pnd.
Thus, we observe directly, free of the usual Beutler-Fano interference,1 u the
6pnd state. As we shall see shortly the 6pnd state appears as a nearly
Lorentzian feature whose center gives the energy of the state and whose width
gives the total autoionization rate.

The physical arguments used to describe the excitation of the aucoionizing
states can be put on a rigorous basis 6,17 using quantum defect theory, and
this understanding has been used velop some novel techniques for the study
of bound and autoionizing states, "°-M for example better values of the
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ionization limit.
20

The experiments are done in a laser-atomic beam apparatus shown in Fig. 4.
Three pulsed dye lasers are all pumped by the same Nd:YAG pump laser. The dye

Nd YE --1 LC ON

• LASER 1
IAER SPECTROMETER

FIGURE 4

Schematic diagram of the apparatus.

lasers are modest by any standard, 100 ,.j pulse energies, 1 cm
-
1 linewidths,

arid 5 ns pulse durations. The three dye laser beap's are brought together at a
small angle where they cross the atomic beam, and their optical path lengths
are arranged so that the second and third laser pulses come about 5 ns and
10 ns, respectively, after the first pulse. The atomic beam apparatus is one
50-cm diameter vacuum chamber at a pressure of 10-6 torr. The atomic beam
effuses from a resist vely heated 1 ven 10 cm from the interaction region and
has a density from 10 cm

-3 
to 1018 cm

-3 
in the interaction region, which con-

sists of a plate and a grid 1 cm apart. About 1 us after the laser pulses, "

positive voltage of 100 V is applied to the lower plate to drive the resultir.
ions through the grid in the upper plate to the particle multiplier. The
multiplier signal is detected with a gated integrator and recorded as the y
signal with an x-y recorder.

In practice an experiment consists of setting the first two lasers to exci-c

a chosen 6snd Rydberg state, tuning the third laser through the 6pnd state, ai
recording the ion signal as a function of wavelen'.th (the x signal for the
recorder). An example is shown in Fig. 5, which is a recording of the
6s15dlD-6P3/gl5d1 _R transition. As shown by Figure 5 there is essentially one
strong eak,' orrisonding to the 6p 1gl5dg=3 state, and its energy and spec-
tral width, which is a direct measure'gf t e autoionization rate, may be read
directly from Figure 5.

3. APPLICATIONS OF THE METHOD

Using the multistep excitation method which is inherently simple it is
possible to unravel complex problems. To illustrate this we shall consider
two examples, the study of theBa6pnd J=3 states and the study of the higher
lying nsms and nsmd states.

A. The Ba 6pnd Series
The Ba 6pnd series have been studied extensively using the multistep laser

excitation scheme. In fact much of our understanding of how to treat the
spectra theoretically has come from the study of the 6pnd series. There are



614 TE Gallagher

II 1

-J

z

z
0

63220 63260 63300

TERM ENERGY (cm-')

FIGURE 5
Recording of the 6.15d 'D2-6P3/2 15d+ ]=3 transition which yields imediately
the position and width of the 6P3 /,2 15d

+ level.

three .J=3 6pnd series, the 6P1/2 nd series converging to the 6P1,2lmtadwosrecnvgngo 6p/lmtwhhaeson nFue6

as the 6P3/2nd± series. The 6P3/2 ndZ series are substantially overlapped as
their widths are roughly equal to their separations. 1 3

By coincidence however the choice of the initial Csnd 02 or 3D2 state lea'Is
respectively to the predominant excitation of the 6P3/2 nd+ and 6P3 /2nd

- states.
ri:ese labels are chosen merely to reflect the energy posi tions as no single
coupling scheme seems to be appropriate.1~3,21 Although the selectivity in ex*
citation is somewhat puzzling, as a consequence the three series of 6pndj=3
states can be excited separately, making their experimental study particularly
straightforwr, o begin, the positions and widths of these levels have been

deemnd • ,j2 The observed positions are the basis of Figure 6, and the
widths are shown in Figure 7. The widths show clearly the effects of the
interseries interactions which might have been anticipated from the energy
level diagram of Fig. 6. As shown by Fig. 6 the 6P3/2 l0d states are degener-
ate with the 6P /2 nd5/2 states for n=20. This interseries coupling leads to
t~e large increase inthe autoioni zation rates of the 6Pi/ 2 nd5/2 states at
n = 17 as shown by Figure 7. ld

Careful scrutiny of Figure 7 reveals that the 6P3/2 9nd + and 6P3/2 ~d
states are not shown on the graph because they are so wide that they-overlap
several 6Pll/2 nd51 ,o states and are highly structured due to the interseries
interaction. We JIow in Figure 8 the 6slOdlD2- 6P31p2 l~d+ spectrum, as well as
the quantum defect theory fit to the spectrum. This-is to our knowledge the
first synthetic spectrum calculated for interacting autoionizing atomic series.
It was based upon the approach used by Fano which is ideal for photoexcita-
tion from the ground state but slightly awkward for the multistep e~citation
method. More recently Cooke and Cromer23 and Giusti Suzor and Fano 4 have
developed formulations of quantum defect theory which are better matched to the
multistep excitation method, and these approaches have been used to reproduce
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FIGURE 6
Ba energy levels near the Ba 6Pp and 6P3/2 limits. Note that the lOd and 9d
states converging to the 6P3/2 lif'it fall below the 6pl/2 limit.

the spectrum of Figure 7 and sjmilar spectra.
2 3'25

The spectrum from the 6slOd D2 state to the 6P3 /210d" state, shown in
Figure 9 provides an interesting contrast. The 6P3/ 2 10d- state is first of all
much narrower, and second exhibits almost no interaction with the 6pl, nd5/2
states. Presumably the fact that the 6P3/2 nd" states are generally harrower
than the 6p5/2 nd

+ states above the 6pl/2 limit is due to the analogous lack
of interact bn of the 6P3/2nd- states with the 6pl/2c d5/2 continuum. Further-
more it is interesting to note that the 6P3/ 2nd- and 6plp nd5/2 series have
the same widths which indicates that their couplings to't4e 6sf and 5dcQ con-
tinua are the same, perturbations excepted.

B. Higher lying states
As was mentioned in the introduction the isolated electron picture which
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FIGURE 7
Autoionization rates of the three bpnd J=3 series 6Pl/ 2 nd5/2(A), 

6 P3,2 nd+(e),
&nd 6P3/ 2nd-(@). The perturbations in the 6pl/ 2nd / series are quie evident.

works so well for the low lying autoionizing states might be expected to col-
lapse for Ba states converging to high states of the Ba+ core or for nm'
states where n = m irrespective of the values. As the latter states are access-
ible with photoexcitation they have been subject to experimental studies by
several laboratories using a variety of ingenious techniques.18,19, 26,27

An impressive series of measurements has been done at Bell Laboratories by
Freeman et al in which the bound Ba 6sns and 6snd states were excited as in
Figure 2, but the final excitation was not a single photon transition as shown
by Figure 1, but a two photon transition to the Ba states such as lOsns or
lOsnd. Since the transiiton is a two photon transition, it requires a high
laser power density, and the nonresonant single photon excitation to a Ba+ con-
tinuum provides a significant background signal which obscures and diminishes
the two photon signal of interest. Thus to detect the two photon excitation by
merely looking at the total ionization is not usually sufficient, and other
techniques, such as monitoring very energetic electrons, Ba+ fluorescence, or
the production of Ba++ must be used. Using these techniques they have measured
the positions and total autoionization rates of the ndmd and nsms states for n
up to 11 and m-n 2. In spite of the close approach of the quantum numbers no
graphic evidence of strong electron correlations was observed. However the
gradual increase of quantum defests was observed as well as an interesting
variation of the scaled widths m-ras the value of the inner electro" is in-
creased. In Figure 10 we show the variation in the scaled widths. For the
nsms states the widths are virtually constant while for the nsmd states they
increase with n. A qualitative explanation of this is the fact that in the
nsms states neither the ns or ms electrons experiences a centrifugal barrier
and thus both electrons may be found close to the Ba++ core. Thus increasing
the size of the inner electron's orbit does not substantially alter the overlap
of the two electron's orbits or their interaction. On the other hand in the
nsmd states the outer md electron is forced out from the origin by the
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FIGURE 8
The 6slOd'D 2 - 6P3/ 2 nd

+ spectrum, observed ( ---- ), calculated by QDT (....)

centrifugal potential, and as the inner electron orbit is increased in size by
increasing n the overlap and hence the interaction is increased. At this point
no serious theoretical calculations have been undertaken to explain these ob-
servations although it would clearly be informative to do so.

4. CONCLUSION

Atomic autoionizing states are of both practical and intrinsic interest, and
these atoms may be studied in extraordinary detail by multistep laser tech-
niques. These techniques are attractive for two reasons. As with most laser

6p,, 10d-

-j 18

61700 61825 61950
ENERGY (cm-')

FIGURE 9
The 6slOd 3D2-6P3/ 21Odd- spectrum observed (-), calculated by QDT (.
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experiments, a small number of atoms is sufficient, allowing us to use atoms in
an atomic beam and incorporate more sophisticated diagnostic tools such as
electron energy analysis which are out of the question in an absorption cell.
In addition they are conceptually and experimentally straightforward allowing
one to unravel physically complex problems.
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7 4 9 10 14 12 13
CORE PRINCIPAL QUANTUM NUMBER

FIGURE 10
Scaled autoionization rates of the Ba msns (0) and msnd (0) autoionizing states.

ACKNOWLEDGEMENTS

The notions presented here have been developed over a period of time and are
the result of the efforts of many other people in the Molecular Physics Labora-
tory of SRI and recently at the University of Virginia, W.E. Cooke, F. Gounand,
K.A. Safinya, W. Sandner, R. Kachru, N.H. Tran, O.C. Mullins, Y. Zhu, and E.Y.
Xu. This work has been supported by the National Science Foundation.

REFERENCES

1. R.P. Madden and K. Codling, Phys. Rev. Lett. 10, 516 (1963).
2. J.W. Cooper, U. Fano, and F. Prats, Phys. Rev.-Lett., 10, 518 (1963).
3. C.E. Moore, Atomic Energy Levels, NBS Circular No. 467-TU.S. GPO,

Washington, D.C., 1949).

4. E.U. Condon and G.H. Shortley, The Theory of Atomic Spectra (Cambridge
University Press, London 1957).

5. A. Burgess, Astrophysical J., 139, 776 (1964).
6. B. Edlen and F. Tyren, Nature 143, 940 (1939).
7. A.H. Gabriel and T. Paget, J. Ph-ys. B 5, 673 (1972).
8. S.E. Harris, Opt. Lett. 5, 1 (1980). -
9. J. Bokor, R.R. Freeman, and W.E. Cooke, Phys. Rev. Lett. 48, 1242 (1982).

10. U. Fano, Phys. Rev. 124, 1866 (1961).
11. W.E. Cooke, T.F. Gallagher, S.A. Edelstein, and R.M. Hill, Phys. Rev. Lett.

40, 178 (1978).



Doubly Excited Autoionizing States 619

12. F. Gounand, T.F. Gallagher, W. Sandner, K.A. Safinya, and R. Kachru,
Phys. Rev. A 27, 1925 (1983).

13. O.C. Mullins, Y. Zhu, E.Y. Xu, and T.F. Gallagher (to be published).
14. B.M. Miles and W.L. Wiese, Critically Evaluated Transition Probabilit for

Ba I and Ba II, NBS Technical Note 474 (U-SGPO, Washington D.C., 1969
15. D.C. Lorents, D.J. Eckstrom, and D.L. Huestis, SRI Report MP 73-2

(unpublished).
16. N.H. Tran, P. Pillet, R. Kachru, and T.F. Gallagher, Phys. Rev. A 29, 2640

(1984).
17. S.A. Bhatti, C.L. Cromer, and W.E. Cooke, Phys. Rev. A 24, 161 (1981).
18. T.F. Gallagher, R. Kachru, N.H. Tran, and H.B. van Linden van den Heuvell,

Phys. Rev. Lett. 51, 1753 (1983).
19. R.M. Jopson, R.R. Freeman, W.E. Cooke and J. Bokor, Phys. Rev. Lett. 51,

1640 (1983).
20. W. Sandner (this volume)
21. L. Van Woerkom and W.E. Cooke (to be published).
22. U. Fano, Phys. Rev. A 2, 353 (1970).
23. W.E. Cooke and C.L. Cromer (to be published).
24. A. Giusti-Suzor and U. Fano, J. Phys. B 17, 215 (1984).
25. A. Ginsti-Suzor and H. Lefebvre-Brim, Phys. Rev. A 30, 3057 (1984).
26. P. Camus, P. Pillet and J. Boulmer, J. Phys. B.
27. L.A. Bloomfield, R.R. Freeman, W.E. Cooke and J. Bokor, Phys. Rev. Lett.

53, 2234 (1984).

I



ELECTRONIC AND A TOMIC COLLISIONS
D.C Lorents, WE. Meyerhof JR. Peteron (eds.) 621
( Elsevier Science Publishen B. V., 1986

PROGRESS ON QUANTUM DEFECT THEORY--DYNAMICS OF EXCITED ATOMS AND MOLECULES

Jia-Ming LI

Institute of Physics, Academia Sinica, Beijing, China

Multichannel Quantum Defect Theory provides a unified treatment of infinite
Rydberg states, autoionizing states and their adjoining continua for atoms
and molecules. The scope of applications has been reviewed. Our recent
results on the correlations of the dynamics for excited atoms and molecules
are presented. We also discuss further developements on Multichannel Quantum
Defect Theory.

I. INTRODUCTION

Multichannel Quantum Defect Theory (1,2,3) provides a unified treatment of
excited bound states and their adjoining continua for atoms and molecules. The
level positions of the excited states forming perturbed Rydberg series and
various cross sections of low-energy electr- -ion collisions corresponding to
adjoining continua can be quantitatively described in terms of the eigenchannel
parameters (eigen quantum defects and transformation matrix). This compact set
of parameters is related to the short-range scattering matrix and varies
smoothly with excitation energies in the neighborhood of the thresholds.
Formally, it can be regarded as a nice analytic property of the scattering
matrix. Practically, it is very powerful in treating these complicated spectral
phenomena and the related collision processes.

Before outlining the scope of applications, let us briefly review the phy-
sical picture in the theoretical treatment. A highly excited atom or molecule
with the excitation energies below the double ionization threshold usually
consists of an electron (bound or unbound) and a residual ion. The physical
clue is following: Within a reaction zone in the configuration space, the
electron and the ion will strongly couple together and form an excited complex.
On the contrary, outside the reaction zone the interaction between the electron
and the ion can be adequately described as the Coulomb potential. Thus, the
wavefunction outside the reaction zone can be written rigorously in an analytic
form. More specifically, wavefunctions with a specific total angular momentum J
and parity a outside the reaction zone can be expressed as superpositions of
Coulomb wavefunctions

Y=i Ai.(fi(r)o
i
+g i (r)d i )

The index i indicates various couplings between the electron and the residual
ion, and identifies the dissociation channels outside the reaction zone. The
symbol A is an antisymmetrization operator. The ¢i is a combined wavefunction
of the residual ion with the specific coupling. The regular radial Cot, omb
function f(r) and the irregular radial Coulomb function g(r) are continous
functions of energy across the threshold, and are normalized per unit energy
range (2,3). The coefficients, Co and di , are determined by the boundary
conditions of the reaction zone and the asymptotic boundary conditions at
infinity. To distinguish these two types of boundary conditions, equation (1)

*The previous name as C.M.Lee
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can be recasted into

=2[AgUi () (r) cosira-g (r) sin r ) ]A ai C'i

a T A a, (2)

The parameters, Ui. and p., lumping the dynamics within the reaction zone
represent the boundary .onditions of the reaction zone, and are related to the
short-range scattering matrix (apart from analytically known Coulomb phase
shifts), namely,

S. .=ZU. exp(iccrp )U
'L,7 t i ja (3)

The index a labels the eigenchannels which characterize the dynamics of the
excited complex - diagonal representations of the short-range scattering
matrix. The eigenchannel parameters, eigen quantum defects 1.and transforma-
tion matrix Ui,, vary smoothly with energy in the neighborhood of the
thresholds. The eigenchannel wavefunctions T, and the relevant transition
matrix elements are also continuous functions of excitation energy. Formally,
it is the nice property of the scattering matrix. In pratice, the smooth
energy dependence is the reason why Multichannel Quantum Defect Theory is a
very powerful method to treat the spectral phenomena and the relevant low-
energy collision processes in a unified manner. Because of the smooth energy
dependence, the eigenchannel parameters and the relevant transition matrix
elements can be computed with minimum efforts by either first-principle
theoretical calculations (4) or by semiempirical fitting to the spectro-
scopic data (5,6). Subsequently, the mixing coefficients A. can be determined
analytically by imposing the appropriate asymptotic boundary conditions at
infinity (2,3,4,5). These boundary conditions differ for the different ranges
of the spectra: the discrete spectrum, the autoionization spectrum and the
continuum spectrum. In the discrete spectrum, the mixing coefficients A. will
provide a further characterization of the configurations for the perturbed
Rydberg levels; they are important for the spectral analysis, for example,
oscillator strength, g factor, hyperfine structure etc. (6,7,8,9,10,11). In
the autoionization spectrum and the continuum, the mixing coefficients A.
pertain to the scattering matrix. The cross sections for the low-energy
collisions can be calculated (12). In order to get more feeling about various
applications of Multichannel Quantum Defect Theory, we will enumerate more
examples: Rydberg spectral analysis (13,14,15,16), photoionization (17,18,19),
photoelectron angular distribution (20,21), photoelectron spin polarization
(21,22), connection between the tip bremsstrahlung and radiative recombination
(23), resonant radiative recombination (dielectron recombination) (1,24,25),
electron impact excitation (1,12), molecular photoionization (26), photo-
dissociation (27) and dissociative recombination (28, 29). Here, I must
apologize for presenting our interests only. Anyway, such a list suffices to
show collective, international efforts and the scope of applications.

The key issue at present will be the determination of these vitally
important eigenchannel parameters and the relevant matrix elements with an
adequate accuracy. Although there have existed some computational programs
for atoms such as variational eigenchannel method (4), R-matrix method (30,31),
and relativistic random phase approximation (19), a flexible computational
scheme directly aiming at the eigenchannel parameters is still not available.
At the Institute of Physics, Academia Sinica, we have started a project to
establish such flexible computation schemes for atoms and molecules. The
details of the theory is beyond the scope of the article. We here will present
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our preliminary results and our opinion on the developments of Quantum Defect
Theory.

2. DYNAMICS OF EXCITED ATOMS

The energy spectra of the excited atoms or ions usually contain Rydberg
series in which there are infinite number of excited bound states and auto-
ionizing states converging to different ionization thresholds. As the com-
pact set of eigenchannel parameters has been determined, the level positions
of the perturbed Rydberg series can be calculated by imposing the asymptotic
boundary conditions at infinity. We here present simple examples to illustrate
how to correlate various dynamical properties of the excited atoms. Figure 1
shows our non-relativistic calculations of the eigenchannel parameters for
the lithium isoelectronic sequence (the 1
electron occupation number N=3 with the - - -
atomic number Z?3). This is an 0.2
one-channel problem. Extension to s

multichannel problems is merely
appropriate superpositions of eigen- 0.1 -

channels as discussed above. The eigen
quantum defect for each partial wave is
continuous function of the reduced -0.125
energy r=E/q

2
where q=Z-N+1. Below the

threshold, the orbital energy is +7
expressed by the Rydberg formula (in 0.5 e

atomic unit) C +
2

q/

Cn- 2 1.0/ +1
2(n- 1 ) N/Z Li

where n is the principle quantum FIGURE 1

number. The quantum defect measures the

degree of penetration of the excited radial wavefunction as a "phaseshift" in

unit of Ti with respect to the corresponding radial Coulomb wavefunction. Thus,
the p is smoothly jointed to the short-range phase shift 6,/7 for the

electron-ion collision in each partial wave. In this way, Figure 1 will

concisely summarize all excited states of atoms or ions along the lithium

isoelectronic sequence. The quantum
defect of the s wave is larger than

1' that of the p wave, since the excited s
orbitals have higher degree of

penetration into the ionic core. Owing

3. to the centrifugal potentials, the

quantum defects for high partial waves

222 are almost zero and the excited

orbitals with Z12 are then hydrogenic

2. in nature. As the atomic number Z
increases, the quantum defects decrease.

PBecause the nuclear attractive Coulomb

potential becomes dominant, all excited

. f orbitals become semi-hydrogenic. Figure
2 shows our relativistic calculations

of the eigenchannel parameters at ?=0
g for the cesium isoelectronic sequence.

.0 0.5 0.873 N/Z There exist very interesting

FIGURE 2 6s-5d-4f-5p orbital competitions (32).

The quantum defects of the penetrating
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channels decrease as the atomic number Z increases. The quantum defect of the f
channel jumps at Z=56 where the 4f orbital is collapsing from the outer valley
into the inner valley. As the atomic number increases further, all quantum
defects decrease and the excited orbitals become semi-hydrogenic. For Z,63
(N/ZS0.873), it becomes a multichannel problem since the samarium ion Sm VIII
has the ground electronic configuration (core)5p

4
4fJ; the quantum defect of the

(Z,) partial wave represents the statistical mean va!ue of the eigen quantum
defects involved with the (1,1) waves.

We now return to the dynamics of excitations into these infinite bound

states by electron impacts. The differential cross section can be written as
(in atomic unit)

do 2 k ( EQ,T) (5)

where T=k /2 is the incident kinetic energy, ,E the excitation and Q =l(:-Kr
the momentun transfer. The '(AE,Q,T) is the effective generalized osciliatbr
strength. As the incident energy increases, the f(E,Q,T) converges to the
generalized oscillator strength f(AE,Q) which is independent of the incident
kinetic energy (33,34). For excitations into infinite Rydberg states, the
generalized oscillator strength density can be defined as the strength per unit
reduced excitation energy (35,36)

df(AE ,gQl
f' (SE ,Q ) N ' (6 )

dE 1,06

where the N
2 

is the channel density of
state. The N. is simply (n-k) 3+dw/dc for
otte-channel problems. Ir Figure 3, we
present our theoretical results of the

generalized oscillator strength density
for the excitations from the lithium
ground state into the s channel. The
generalized oscillator strength density
forms a smooth surface since the matrix U InQ
elements between the initial state and

the eigenchannel are continuous
functions of excitation energy. Based on
this smooth surface, we can conveniently
correlate all high-energy excitation
cross sections from the lithium ground
state into infinite Rydberg states ns,
n3. Furthermore, the generalized -6 -4 2 0 2
oscillator strength density has an
interesting scaling relation along the FIGURE 3
isoelectronic sequence (36). For the
optical allowed excitation from the lithium ground state, Figure 4 displays the
generalized oscillator strength density for the p channel. At the first glance,
the surface exhibits very interesting features. Since the generalized oscillator
strength density is proportionil to the square of the matrix elements, the nodal
curve at which the matrix elements vanish as shown in Figure 5 gives rise to the
behavior. The matrix elements themselves form a smooth surface.

As the momentum transfer Q approaches zero, the generalized oscillator
strength density converges to the oscillator strength density which is
proportional to the absorption cross section in he photon impact process.
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Because of the nodal surface, the oscillator strength density has a zero
between tile 2p state and the 3p state as shown in Figure 4. If a zero is
located above the threshold, it is usua lv called the Cooper minimum (37). The
excited atoms sometimes have more than two zeros (38). Here we ..ill correlate
the zeros for excited atoms (39). As illustrated anove, all excited statLs
forming the Rvdberg series can be concisely summarized by a compact set of the
smoothly energ.y-dependent eigenchanneI parameters, in particular the quantum
defects at the threshold. Ow lng to the dipole selection rule, photoabsorption
will lead to the specific final channels which can be also represented by the
corresponding quantum defects. In case of multichannel problems, the quantum
defect is the statistical meare value of the relevant eigen quantum defects. The
dipole matrix element is an integral involving the product of the initil and
final wavefunctions which are Coulomb

waves with the corresponding phase
shifts 7 and 7hr respectively. For an
excited state with the principle quantum g X X

number r, the energy position 5(n) of 5.
the zero is related to the difference of X

the quantum defects, namely iip-'j. Since X

the Jo) weakly depends on the principle x
quantum numbec (39,40), we can define
limn) . As i'=, the zero of the
K- , .5 X

oscillator strength density in the a
specific final channel is located below P
the threshold in the same was as shown M .1 x
in Figure 4. While 6>0, the zero is
located above the threshold. Thus, we 'o
can correlate the number of the zeros of .05 X
the oscillator strength densities for

the excited atoms by examing the
relation between and Ah= ,lJp at the
threshold. Figure 6 displays the 0. 4W
relation. -2.5 -1.5 -0.4 0.6 2.0

F2.1GUR 1.A

FIGURE 6
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(A) For Ap<O, it corresponds to the partial oscillator strength density
for photoabsorption form the initial channel with Z into the final channel with
Z+.
(A-i) -0.4<Ap<O., there exists one zero below the threshold.
(A-2) -I.O<Aj<-0.4, there exists one zero above the threshold.
(A-3) -1.5<A1<-I.0, there exist two zeros; one above the threshold.

Another one below the threshold disappears if

(A-4) -0.2<AV<-I.5, there exist two zeros above the threshold.
(A-5) -2.5<A p<-2.0, there exist three zeros; two of them above the

threshold. The third one below the threshold
disappears if vnsZ+l-.

(A-6) -3.0<Ao<-2.5, there exist thre zeros above the threshold.
(B) For-til 0, it corresponds to the partial oscillator strength density for

photoabsorption from the Z channl into the i-i channel.
(B-1) 0.0 < 0.6, no zeros.
(B-2) 0.6 <ALI< 1.0, there exist two zeros; one above the threshold. Another

one below the threshold disappears if ( (2-1)
(B-3) 1.0 <Zal< 2.0, one zero above the threshold. Except for the g-f

transition, as the final f channel exists the resonance
due to the radial wavefunction moving from the outer
valley into the inner valley, there will be some
dynamically induced zeros.

Based on these relations, we can correlate the partial oscillator strength
density minima for the excited atoms; for example, we expect that the excited
Ne in the 3s states has a phot'absorption window above and near the threshold,
and the excited Ar in the 4s states has a photoabsorption window little far
above the threshold. These photoabsorption windows have been confirmed by the
recent experiments (41).

3. DYNAMICS OF EXCITED MOLECULES

The highly excited states of molecules usually can be seperated into two
classes: (1) infinite Rydberg states with the electron configurations
consisting of the molecular ion and the Rydberg molecular orbital, (2) some
non-Rydberg states characterized by the electron configurations involved with
excitations of the valence molecular orbitals. These states may be strongly
perturbed. Such excited molecular complex produced by photon-impact, electron
-impact or other excitation processes may be ionized or dissociated. Under the
framwork of Multichannel Quantum Defect Theory, these perturbed states can be
treated in a unified manner. The infinite perturbed Rydberg states and
autoionizing states can be concisely correlated by the smoothly energy-
dependent eigenchannel parameters. The configuration mixings between the
Rydberg and non-Rydberg states can be expressed in terms of the interaction
matrix elements between the eigenchannels and the non-Rydberg states. The
electronic parts of the matrix elements also vary smoothly with the energy(2

8
).

Perturbations of Rydbcrg states by the non-Rydberg states usually lead to
predissociatio..

In this report, we will present our theoretical calculations of the elec-
tronic parts of the eigenchannel parameters. A multiple-scattering-self-
consistent-field method with a muffin-tin approximatio, (42) is adopted to
calculate the multicenter self-consistent potentials for the molecules. Based
on the molecular potential, the wavefunctions of the excited Rydberg states
and the adjoining continua can be calculated (43,44). Figure 7 displays the
quantum defects for the NO molecules. The internuclear distance is at the
equilibrium position of the NO+ ions. In each eigenchannel, the calculated
quantum defect is smoothly jointed to the short-range phase shift at the
threshold. Although the orbital angular momentum is not a good quantum number,
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the orbital angular momentum Z corres-
ponding to the largest component in the
eigenchannel is very useful to charac- Ij so
terize the dynamics, namely so, PC,

pr,-..etc. as shown in Figure 7. Owing 1.
to the quadratic field of the NO+ ion,
the so channel has 66% s wave 32% d j f
wave, while the do channel has 31% s
wave and 67% d wave. In other channels
such as Pc, p, d, d6,..-etc., the .5 PC
orbital angular momentum Z is a
quasi-good quantum number; for example,
the Po eigenchannel has 97% p wave. The
higher the Z, the smaller the quantum
defect because of the centrifugal .0
potential. The quantum defect of the s
channel is the largest. the quantum
defects of the eigenchannels with 1-3 L
are almost zero except the resonance .0 0.5 e(Rydj
above the threshold in the fo
eigenchannel. For the p and d waves, the FIGURE 7
components perpendicular to the
molecular axis, namely pr and d 6 eigenchannels, have larger quantum defects.
The corresponding radial wavefunctions penetrate more into the molecular ion
core. In our previous theoretical studies (45), we adopted a single-center-
expansion close-coupling method. We also calculated the eigenchannel parameters
at the threshold by solving the problem of low-energy electron-NO+ collision.
Our present calculations are in good agreements with the experimental data and
our previous theoretical results (45). -a

Figure 7 also shows some interesting ,

features for the fo eigenchannel. There ,
is a shape resonance above the threshold w fa
(46). Such a resonance pertains to the 1.
anti-bonding molecular orbital (o2p)*

between the atoms in the second row of
the Mendeleev Periodic Table (43).
During the resonance, the enhancement 0......................
of the p waves around the nucleus will 27
occur. Thus, such a resonance is related
to the fine structure above and near C
the X-ray absorption K edges (47,48). -.
Figure 8 displays the relation between
the resonance energy position and the 4-
internuclear distance. It clarly -2.
manifests the fo resonance with the
(c2p)* anti-bonding nature. Very 30

interestingly, the resonance energy
decreases as the internuclear distance

increases. Such relation has been 2.0 3.0 R(bohr)

ultilized to diagnose the relevant bond
length of the molecules chemisorbed on FIGURE 8
the surfaces (47,48).

4. DISCUSSION

We have shown some preliminary results of our theoretical calculations on
the eigenchannels of atoms and molecules. Various dynamical properties of
excited atoms and molecules can be correlated with a compact set of the
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eigenchannel parameters. Now we will return to discuss the essence of our
theoretical method. Our calculations begin with the exact Hamiltonians for
atoms and molecules

H = H0 + Vres (7)
The H0 is determined by self-consistent-field calculations. The residual
interaction Vres is then the part of the exact Hamiltonian which has not been
taken into account in the self-consistent-field calculations. As the Vres is
not negligible, it can be treated successively as the intrachannel inter-
actions and the interchannel interactions. Each channel consists of infinite
configurations with the specific angular momentum coupling. Thus. traditional
treatments via configurations and configuration mixings is extended to a novel
treatment via channels and channel mixings. Our aim is to determine the
smoothly energy-dependent eigenchannel parameters by comparatively minimum
amount of computational efforts. Based on such physical meaningful pirameters,
dynamical properties of excited atoms and molecules can be correlated. Further
researches along ti direction are in progress.

In addition to t.: Coulomb potential outside the reaction zone, there have
been some attempts to treat some other types of potentials outside the reaction
zone, for example the free potential (49), the 1/r

2 
potential (50) and the

Coulomb-Stark potential (51). All these approaches are based on the same
physical clue. Outside the reaction zone, the wavefunctions can be written
"rigorously" as linear combinations of the regular and irregular waves with
the appropriate coefficients. Some of the coefficients are determined by
matching the boundary conditions of the reaction zone. The rest of the
coefficients can be treated analytically by imposing the appropriate asymptotic
boundary conditione at infinity. Following this physical picture, one may ask
huw about the dynamics of two excited electrons outside the reaction
zone - an outstanding problem in atomic physics. Near the double
ionization threshold, it will involve infinite number of channels and become a
formidable problem in practice. Further theoretical studies are required to
elucidate the dynamics of this unsolved three-body quantum mechanical problem
with long-range interactions. On the experimental side, there are some recent
enlightening observations (52) which should stimulate more theoretical and
experimental studies.
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MECHANISMS OF ATOMIC AND MOLECULAR AUTOIONIZATION
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I. AUTOIONIZATION IN ATOMS

It seems singularly appropriate that we should be discussing prmeas
in our under tanding of autoionization just 50 years since Beutler's
and Fano' a

2 
first papers on this subject. This early work concerned the

noble gases Ar, Kr and Xe. In each of these atoms, five optically allowed
Rydberg series are observed, three converging to the ionic ground state
2P .2, and two (one s-like and the other d-like) converging to the the
exc ted ionic state P1 /2. These latter two, being degenerate with an
ionization continuum, can and do autoionize, the s-like series giving rise
to very sharp resonance structure and the d- ike series to very diffuse
autolonizing structure. When we examined Ne

3
, we found both s-like and

d-like autolonizing series to have about the same width, which was in fact

the instrumental resolution width. These experimental observations are
summarized in Fig. 1.

The autolokiization resonance structure in Ne was subsequently studied

theoretically
(4 

(using the relativistic random phase approximation, RRPA,
and multichannel quantum defec' theory, MQDT) and experimentally( 

5
), using

a dye laser to excite the au ',nizing states from pre-excited metastable
levels. Both of these inves. itions concluded that the autoionization
structure in Ne was sharp for the s-like and d-like resonances, the "d's"
being even narrower than the "s's".

About this time, we began a series of experiments on the
photolonization of open-shell atoms. We were motivated partly by two
calcula ions of resonance structure in atomic Ct, one by the R-matrix
method 6) and the other by diagrammatic many-body perturbation theory
(MBPT).

(7) 
We also felt that restricting our attention to the closed-

shell atoms (which are much easier to handle both experimentally and
theoretically) might limit our perspective, since at least 75% of the
periodic chart involves open-shell atoms. Our experimental arrangement
for studying atomic C1 is shown schematically in Fig. 2. In essence, It
Involves a microwave discharge in pure C12, a fast flow system, a coating
to retard recombination of the atomig CZ which Is generated, and a
sampling orifice. Our first resultsO

) 
on atomic Ct are shown in Fig. 3.

The configuration of CL£ (and in general, all the halogen species, X+)n4
is ... np, which gives rise to the sate P 0 D2; and Sn.
There are Rydberg series converging to each o 'these states, an2 those
converging to the higher ionization potentials may autolonize.

Let us focus our attention on the series converging to 1D2 . The one-
electron optical selection rules allow for s-like and d-like Rydberg
electrons which, when combined with the ion core, give rise to 

2
D
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Figure 1

AutolonizatLon in Ne, Ar, Kr and Xe between the 2p3/2 and 2p./. ionic
states. Attributions to the individual spectra are given in ref. 18.
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Figure 2

Schematic Illustration of the atomic chlorine source and the
photoonization region.
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Figure 3

Photoionization yield curve of atomic chlorine. Optical resolution is

0.28 A (FUHM). Absolute cross section o is tentative, based on
concordance of several theoretical calculations in the continuum beyond

the is, limit.

(with "s" Rydberg electron) and 
2
s, 

2
p, 

2
D, 

2
F and 2G (with "d" Rydberg

electron) composite states. However, the AL - O * 1 optical absorption
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selection rule eliminates 2F and 2C from further consideration. Thus, we
anticipate four autoionizing series in this energy region. Three are
apparent - one broad and two narrow. By quantum defect continuation from
the previously known discrete spectrum, we can identify one of the narrow
series as "s" - like, the other two obviously being d-like.

In Fig. 4, we compare the experimental data with the diagrammatic
MBPT calculations of Brown, et al. 7) In general, the agreement is quite
good, but one narrow series observed experimentally is absent in the
calculated spectrum. We now know which series this is, and why it is
absent. Autolonization is a process occurring in field-free space, and
certain quantum properties, such as parity and total angular momentum,
must be preserved. In addition, if Russell-Saunders coupling is
rigorously obeyed, both orbital angular momentum and multi3licity must be
preserved. It can be seen that the continuum between the P2 and 1D2
ionic states contains the P and D presentations but not an S repre-
sentation. Hence, the 2S series should not autoionize if a rigorous L-S
coupling scheme holds, but can achieve some probability as a result of
spin-orbit coupling. Since the only competitive process is radiative
emission which is much slower, autoLonization is experimentally observed

for the S series. The diagrammatic MBPT calculations also reveal that
the broad resonance is a composite of the d-like 2p and 2D series.

4 - ,

0.

(b)

130 135 4.0 145

PHOTON ENERGY (ev)

Figure 4

Comparison of experiment (top) and calculation (bottom) for autoionization
of atomic chlorine. Experimental data from ref. 8, calculation from
ref. 7.
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In conclusion, all four series anticipated are observed. The s-like
one is sharp, the d-like ones are broad except for one, which is itself
forbidden in zeroth order.

Buoyed by our good fortune In obtaining the atomic chlorine photo-
ionization spectrum, we decided to tackle the other halogens. Fluorine
presented a formidable experimental problem, which I do not have time to
detail here. We had previously gener ted and studied atomic iodine by a
high temperature vaporization method.

9 ) 
A corresponding portion of each

of the atomic halogen spectra is shown in Fig. 5.

636 640 64 6 65 6 670 64 6724 6I6 6 6 4

87o'I . I I I

M1 5 I 1I

Figure

' 1

Autojonization In F, CA, Br and I betveen the 
3
p and ID ionic

thresholds. F from B. Rulid, J. P. Greene and J. Berkowitz, J. Phys. B
17, L79-83 (1984); CA from ref. ; Br from B.u guKId, J. P. Greene and
J. Berkowitz, J. Phys. B 1P, 1503 (1984); 1 from ref. 9.

.. .. . . . ...."...
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We note that the atomic Br is very similar in appearance to CL (one broad
and two narrow resonances), and atomic iodine has more complexity, due to
the overlapping of resonance features converging to the spin-orbit states
3P, and 3p0 as well as 1D2 . Probably the most noteworthy aspect for the
present discussion, however, is the absence of broad autoionization
structure for the d-like 2P and 2D resonances in atomic fluorine. All of
the resonance features in atomic F are limited in width by the
instrumental resolution. Hence, F is like Ne in this respect, differing
from the heavier members in its column of the periodic chart.

At this point, we began to examine what was already known in other
columns of the periodic chart. Fig. 6 displays earlier work from our
laboratory on atomic oxygen

( lO ) 
and atomic tellurium.

(9 ) 
Oxygen has only

narrow resonances, tellurium broad as well as narrow ones. We wanted t'c
obtain a spectrum of atomic sulfur, to test the generality of the apparent
trend. We knew that vaporization of sulfur produces many polyatomic
species, but not atomic sulfur. We have considered various schemes for
generating atomic sulfur, and finally found one that produced the desired
results. A viewgraph of our preliminary spectrum will be shown at the
conference. The spectrum displays broad "d" and sharp "a" resonances.
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Figure 6

Autolonization In atomic oxygen and atomic tellurium.
0 from ref. t0;
Te from ref. 9
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Column I of the periodic chart can give rise to autoionization
structure by excitation from the inner (n-l) p orbital. Photbporption
studies of this region in atomic sodium and atomic cesium are
shown in Fig. 7. It appears that sodium has narrow resonances, and cesium
broad resonances for the d-like features. Hence, there seems to be a
clear demarcation In resonance behavior between light elements of the
periodic chart (which we refer to for simplicity as "first row elements")
and heavier elements of the same column.

7 N.

6
.

I 13( I

E2

J ______________ _

s213 Is A 2s7 A

Photoabsortion specra of ato ic sdium (0op) adaoi eim(otm

C

Ild(5) 148(0)

in the corresponding wavelength regions where inner p-shell absorption

occurs. Na from ref. il; Cs from ref. 12.

In an elegant series of experiments which bear3on the present

discussion, cllrath, Lucatorto and collaborators
1 3  

have obtained the

photoabsorption spectra of the isoelectronic species Xe, Cs+ and Ba
+

in

wavele~gqh regions corresponding to autoonzation between the p2P/

and 5p P/2 limits. We have already seen the broad d-like resonance'In

Xe in this region. They find that the corresponding resonance in Cs+,

though still much broader than the s-like resonance, is narrower than in

Xe, and in Ba
+ + 

it is quite sharp. These two rather different sets of

experiments appear to be telling us that a more compact ion core produces
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narrow d-like resonances (as in Ba-
4" 

and the "first row elements") and a
more diffuse ion core gives rise to broad d-like resonances. The matrix
element responsible for the electronic autolonization,

E , f eI r1

and the width r -,IVE12 involve interaction between the Rydberg electron
and the ion core, and hence it is not surprising that a more diffuse core
will result in a larger interaction. There have been several attempts to
parametrize this behavior. Our initial approach was to emphasize the
proximity of the unoccupied d orbital in second row and heavier
elements. If we wish to describe a polarizable ion core in perturbation
theory, we can include low-lying excited states, and the nearbT unfilled
d-orbital is a particularly attractive candidate. For Ar+, Kr and Xe

+ ,

this excitation energy is -132,000, -120,000 and -96,000 cm 1
respectively whereas for Ne+ It is -279,000 cm

"1  
Similarly, for C1

+
, Br+

and I
+
, it is -110,000, -112,000 and --86,000 cm

"
l, whereas for F

+ 
it is

-231,000 cm
-1

. One can see such an influence in the isoelectronic
sequence Xe, Cs+ and Bae

" 
as well- -96,000, -130,000, -160,000

respectively - but this seems to be too crude a measure of the obseryed
variation in resonance width. Mcllrath, Lucatorto and collaborators 

1
3)

have focussed their attention on the effective potential, the sum of the
attractive Coulomb potential and the centrifugal potential. They note
that the two effects nearly cancel in Xe, producing a longp very shallow
potential plateau. In this circumstance, they argue that ,13) " a modest
spin-orbit interaction has a large effect on the mixing of states and

produces a strong autoionization rate." By contrast, in Cs+ and Ba
+ + 

"the
Coulomb attraction is significantly larger, eliminating tne near cancel-
lation with the centrifugal term, and the effect of the spin-orbit
interaction is measurably reduced."

Both explanations are qualitatively in accord with the experimental
observations, and both have modest quantitative predictability, but in
this observer's judgment a more finely tuned parameter would be desirable
to give a more quantitative measure of these resonance widths.

II. AUTOIONIZATION IN MOLECULES

I. At the 6th ICPEAC, 16 years ago, I had the opportunity to give an
invited paper on some early studies of autoionization in molecules. In
that paper, I noted the contrasting behavior in the decay of autoionizing
peaks in N and H2. For N2, the data in most cases seemed to be
interpretable in terms of an electronic autolonization matrix element,
(configuration interaction) as it is in atoms. This mechanism implies
that relative transition probabilities connecting the quasi-discrete state
and the final ionic state are dominated by Franck-Condon factors con-
necting these states. By contrast, the autolonization mechanism in H
(referred to as vibrational autoionization) involves a breakdown of tie
Born-Oppenheimer approximation, and transfer of vibrational energy in the
molecular ion core to the Rydberg electron. For the latter case, a
propensity rule was derived 14) Prob (Au - - I transitions) >> Prob

(Au - - 2), etc. Since that time, it has been observed that near zero
energy electrons are produced in some autolonization processes which

cannot readily be explained by either of the above mechanisms.(
15 )
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More recently, White (16) has examined autoionization in HCZ, which
is thought to be a good test case for electronic autojonization. The
agreement between observed relative vibrational intensities and Franck-
Condon factors is fair, and may be improved with better choices of
internuclear distances for quasi-discrete states and better vibrational
wave functions.

During this period, multichannel quantum defect theory has been
applied to molecular autoionization. To explain some of the auto-
ionization in NO, which appears to be vibrational autoionization but

departs significantly from the Au - I propensity rule, a satisfactory
description was found (17) by including a predissociating state which
couples to both the quasi-discrete Rydberg state and to the ionization
continuum.

About one year ago, we chanced upon an autoionization process which
does not seen to be explicable by any of the above theories. It involves
,*ie molecule PF3, which is pyramidal in its neutral ground state, like
NH3, PH3 and NFj. In each of these cases, the removal of the least bound

electron has li tle affect on bond strengths, but opens up the pyramid.
Thus, the ground state of NH3+ is planar, PH + has a very low barrier to

inversion that supports one vibrational level, and NF3+ a somewhat higher
barrier that is nevertheless surmounted in the Franck-Condon region. PF3+

has a lower barrier than neutral PF3, but the ion is still distinctly
pyramidal.

The photoabsorption fnd photoionization spectra of NH3 have been
exteneively investigated.'

18
' Prominent Rydberg progessions converging to

the ionic ground state are observed in photoabsorption, but are largely
absent in photolonization, implying that these quasi-discrete states decay
predominantly by predissociation. We have examined the corresponding
regions of PH3 and NF3 by photoionization, and there is very little
evidence of resonance structure. Since the Rydberg-like quasi-discrete
states are almost certainly present here as well, it seems fair to
conclude that predissociation is the dominant mechanism in these
molecules. Hence, we were surprised to find resonant autoionization

structure when we examined the threshold region of PF3 by photoionization
mass spectrometry.(19) (See Fig. 8). In this long progression, strongeri'~~ ~ ~~ -=24 4t tt

_'T J-7 T 7 .

WAVELENGTM 11)

Figure 8

Photoionization yield curve of PF3 in the threshold region. The
autolonization peaks are assigned to vibrational components of two members

of a Rydberg series.
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and weaker peaks appear to alternate. The average spacing between
stronger peaks is 474.7 cm- , that between weaker peaks, 478.4 cm

1
. In

1972, Maier and Turner 
20 

recorded the photoelectron spectrum of the
first band of PF3+ and reported 470 k 80 cm

- 1 
as the average spacing of

a long progression. Still earlier, Humphries, et al. (21) had studied the
absorption spectrum of PF3 below the ionization threshold. They identi-
fied two progressions, one labelled "1405A" with an average spacing of 460
cm-

t , 
the other labelled "1212A" with an average spacing of 461 cm

-1
.

The "1405A and "1212A bands, and the "strong" and "weak" auto-
ionization resonances can be shown to be successive members of a Rydberg
series converging to the ionic ground state of PF3+ * Each Rydberg member
has an extended vibrational progression in the inversion bending mode.
When a consistent quantum defect is obtained for each of these levels, we
are drawn to the conclusion that Au must be at least 13 in this auto-
ionization process, which appears to be vibrational (i.e. the Rydberg
series are converging to the ionic ground state).

Although we cannot be certain at this time that predissociation can
occur and have a substantial unimolecular rate constant in this e:,ergy
region of PF3, the circumstantial evidence points to this conclusion. We
know that predissociation occurs at a rather rapid rate in NH3, PH3 and
NF3, and even In PF3 the "1405A" and "1212A" bands are diffuse.
Therefore, it does not seem likely that autoionization is observed in PF
because the competing rates are extremely slow. One way of stretching the
propensity rule is to consider a sequence of transitions within the
Rydberg manifold, each one of which adheres to the propensity rule, until
finally a sufficient n* is reached to permit ionization with Au = - 1.
It seems unlikely that this multiplicative process would be able to
compete with a strong predissociation.

The effective mechanism for promoting the autoionization in PF3 could
conceivably be the coupling of (pre)disaociation with autoionization,
analogous to the description used to explain vibrational autoionization
in NO. One might expect such a mechanism to be localized around the
energy ranges and configurations where curve crossing occurs. The
appearance of the autoionization structure in PF is broad ranged,
suggesting that it is occurring with almost equal facility over many
vibrational levels and at least two Rydberg members.

It Is not yet clear whether the PF3 autolonization can be accom-
modated within the existing theories of autoionization or that a new
formulation is required. Two views recently expressed by theorists at a
Workshop on Autolonization at Argonne were:

i. That the propensity rule is more notorious in its violation
than in its being obeyed.

2. That polyatomic molecules represent a special class, for which
a new formulation Is required.
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CLASSIFICATION OF DOUBLY EXCITED STATES

C. D. LIN

Department of Physics, Kansas State University, Manhattan, Kansas, U.S.A.

Based upon the analysis of electron correlations in hyperspherical
coordinates, a classification scheme for all doubly excited states of two-
electron atas is presented. A set of correlation quantum numbers, K, T,
and A, is introduced. By projecting the two-electron wave functions onto
the body-framfe of the atom, the quantum numbers K, T and A can be related,
respectively, to the vibrational, rotational and stretching modes of a
triatcric molecule. The isoamrphic correlations of states with identical
correlation quantum numbers are shown to be the underlying reason for the
existence of supermultiplet structure of doubly excited states.

1. INTRODUCTION

Microscopic many-body systems are often adequately described in the

independent-particle approximation. In the case of atoms, the Hartree-Fock

model or its equivalents are known to describe a wealth of atomic properties.

Since the identification of doubly excited states of He in 1963[1 ] ' it has

been recognized that understanding of these states requires a careful examina-

tion of the correlation of two excited electrons and a drastic new approach

different from the independent particle approximation is needed.

The conventional configuration-interaction (CI) method[21 and its variants

are adequate in predicting accurate position and width of individual doubly

excited states, but it fails to provide any insight into the correlated motion

of the two electrons. The results of the CI calculation are also often

difficult to understand. As an example, consider the first few lowest 1po

doubly excited states of He below the He+(N-3) threshold. According to the

independent electron picture, one would expect that the wave functions of the

first two lowest states are linear combinations of 3s3p and 3p3d. This is the

case for the lowest state. However, from a limited C.I. calculation, as shown

in Table I, one can see that the second lowest state is mostly a linear com-

bination of 3s4p,3p4s,..etc., rather than a linear combination of 3s3p and

3p3d. In fact, it is the third lowest state which is predominantly the linear

combination of 3s3p and 3p3d. This example illustrates that the results from
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Table I. C.I. coefficients of the first three lowest doubly excited states
of He1P below the He+(N-3) threshold.

State Energy 3s3p 3p3d 3s4p 3p4s 3p4d 3d4p 3d4f

(Ry)

1 -0.667 0.683 0.616 -0.127 -0.172 -0.239 -0.203 -0.104

2 -0.563 -0.003 -0.005 0.630 -0.630 0.330 -0.304 0.068

3 -0.554 0.503 -0.557 -0.226 -0.317 -0.054 0.231 0.476

CI calculation is often unexpected, and it also exemplifies the limitation of
the independent particle model where all information about correlation is

contained awkwardly in the numerical coefficients.
Another important feature of doubly excited states has been revealed in

the photoonization of He near the N-3,4 and 5 limits of He+. According to

the simple counting, one would expect that there are 5,7 and 9 series of
doubly excited states leading to the respective N-3,4 and 5 thresholds.
Experimental measurement by Woodruff and Samson [3!' as well as a recent
calculation by Salomonson, Carter and Kelly [4] clearly showed that there is

only one channel which is predominately excited. The rest of the channels are
not observed. Thus there is evidence of quasi-selection rules which forbid

some classes of doubly excited states from being populated in a given collision
condition. The quasi-selection rule then has to do with the dynamic aspect of
the correlated electronic motion.

A complete classification scheme of doubly excited states should be cap-

able of providing at least qualitative interpretation and prediction of the
major properties of doubly excited states. The new set of quantum numbers
pursued should also give qualitative pictures of the correlated motion of the

two electrons. It is also desirable that this new scheme can incorporate the
independent-electron model as the limiting case, and in the end, a computa-

tional procedure can be developed where these quantum numbers can be examined.
This report deals with the classification scheme of doubly excited

states based on the analysis of electron correlations in hyperspherical

coordinates. [5'6  In developing this scheme, the understanding from the
group-theoretical work of Herrick and co-workers [7] and the model study of
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Berry and co-workers [ 8 ] has played an important role. I will report the class-
ification scheme and present some new understanding of the correlation quantum
numbers based on the analysis of the wave functions on the body-frame of the
atom. This latter work is a collaboration with S. Watanabe.

II. CLASSIFICATION OF DOUBLY EXCITED STATES

(a) The classification scheme
In the present classification scheme a given state is designated by the

notation (K, T)A 2S+l Ln, where L, S and n are the usual quantum numbers, N isn N
the principal quantum number of the inner electron and n that of the outer
electron. The correlation quantum numbers K and T, first introduced by Herrick
and Sinaloglu,191 are used to describe the angular correlation. To incorporate
the correlated radial motion between the two electrons, a radial correlation
quantum number A was introduced.[5'61  The allowable values of A are +1, -1 and
0. All singly excited states have little radial correlation, and they have
A-0.

The enumeration of possible K and T quantum numbers for a given N, L, and
n has been given by Herrick and Sinanoglu. They are

T - 0, 1, 2, ..., min(L, N-1)

K - N-l-T, N-3-T .......... -(N-l-T) ()

T - 0 is not allowed if n-(-)L+. The radial correlation quantum number A is
not independent of K. It is given by the following simple relations

A - (-I)S+T _ ;(-I)S+N-K+l if K > L-N (2)
A-0 if K < L-N

With the relations (1) and (2), all the correlation quantum numbers for
states converging to a hydrogenic limit N can.be assigned. The more precise
definition of these quantum numbers will be described below. Roughly, a large
positive K implies that the two electrons are almost 180 degrees from each
other. If K-0, the two electrons are at about 90 degrees to each other.
Negative K implies that the two electrons are on the same side of the nucleus.
For the quantum number T, a nonzero T implies classically that the orbits of
the two electrons are not coplanar, while A-+l implies in-phase radial oscilla-
tion between the two electrons and h--1 implies out-of-phase radial oscilla-
tion.

These correlation quantum numbers can be understood qualitatively from
various approaches. In this talk, I will concentrate on the geometrical
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representation of electronic correlations. To this end, it is most convenient
to study the problem in hyperspherical coordinates.

(b) Analysis in hyperspherical coordinates
To examine the details of radial and angular correlations, we study the

two-electron wave functions in hyperspherical coordinates. From the indepen-
dent particle coordinates (rl, fl) and (r2, P2), we replace r1 and r2 by a
hyperradius R and a hyper-angle e:

R- (r 2 + r2) (3)

= arctan(r2/rI )

In this coordinate system, there is only one radial coordinate R and the rest
are the five angles, denoted collectively by Q - fa, P' f 2)

" Since correla-

tion is a property of the relative motion between two electrons, the five
angles can be further separated into three Euler angles describing the rota-
tion of the whole atom plus two angles a and e12, the former describing radial

correlation and the latter describing angular correlation.
One important underlying approximation in the hyperspherical approach is

that as the atom expands or contracts, its correlation pattern changes only
gradually. This leads to the quasi-separability of the two-electron wave
functions in hyperspherical coordinates. (It has been shown that the

conventional C.I. wave functions also exhibit approximate separability if
the functions are expressed in hyperspherical coordinates, see Ref. 10)

In this coordinate system, the Schroedinger equation for the two-electron

systems in reduced units is given by

d2  A2+15/4 2C - 2E] (i5/2*) . 0

d R2 R (4)

where A2 is the grand angular momentum operator and C is an effective
charge which includes electron-nucleus and electron-electron interactions,

c - _ 1 + 1/ (5)

cost 5m +  n cosel2

where Z is the charge of the nucleus.
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Fig. 1. Relief plot of the effective charge C(a,e12) with Z-1. The ordinates
represent a potential surface in Rydberg units at R-1.

A surface plot of the effective charge on the two relative angles a and "12 is
shown in Fig.l for 1C. We notice that the potential surface in the middle is
quite flat. The two valleys near w-O or 90* correspond to the case when one
electron is far away from the other, i.e., they correspond to the limit where
the two electrons are nearly independent and where the independent particle

approximation is quite adequate. The sharp spike near a-450 and 91200 is due

to the strong electron-electron repulsion when the two electrons are nearly on
top of each other. In the middle part, we see there is a large flat region.
The potential surface is symmetric with respect to Ps45". We will show that

A-+l states have an antinode at a-450, and that A-1 states have a node at

w-450. For A-0 states, the two particles hardly reach the plateau region and

they are confined to the two valleys. Thus, states which have A-+l or -1 are
states lying on the top of the potential ridge, while the A-0 states, like
singly excited states, are states confined in the valley region.

The results discussed above should come out directly from the solution
of the two-electron Schroedinger equation (4). For this purpose, we solve
eq. (4) in the quasi-separable approximation, i.e., we assume that the n-th

state for channel u is given by

.n(R,Q) - e'(R)f (R;2)/R 5/2sina cosa (6)

where

d2  r2 2
+ + 2 + 2RC] *(R;Q) - RU(R)#(R;2) (7)

da cos sin at
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and
add2( _ U (R) + 2e) e(R) - 0 (8)

This approach is similar to the Born-Oppenheimer approximation for diataic

molecules. Once the potential curve U (R) for each channel Ai is calculated,

the states belonging to that channel can be easily obtained by solving the

one-dimensional hyperradial equation (8).

The quasi-separability implied by eq(6) stresses the important fact that

states belonging to the same channel p have similar correlation properties.
This is different from other approaches where correlation is usually examined

for a single state a time. We note that the approximate selection rule for

photoabsorption is a property of the whole channel, rather than that of

individual states.

(c) Potential curves and correlation rules

In Fig. 2 the potential curves for the l3se, 1,3po and 1,3De of He below

the He+(N-3) are shown together with the (K,T)A labelling. Diabatic crossings

-0.10

-0.14

-0.18

-0.38

>• ~IS - 3P0Ii I lI

-0.20 p-0. 2

Io 2 I I I I I I I I I I I IJ

10 16 22 28 344046 16 22 28344046 16 22 28 344046
R (0u.)

Fig. 2. Potential curves for He that converge to H;(N-3). Curves are labelled

in terms of (K,T)A quantum numbers. Reduced units with Z-1 are used.
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between different channels are evident. These crossings reflect the fact that

the relative importance of radial and angular correlations changes with R. At

small values of R, radial correlation is more important, thus the curves which

are more attractive belong to A-+l, while the less attractive ones belong to

A--l or 0. For a given A, curves which have larger values of K are more attrac-

tive because of larger e12 and thus less elect-n-electron repulsion. In the

asymptotic region (large R),one electron stays inside and the other outside.

In this case, radial correlation is not important and the relative asymptotic

energy levels are determined by the values of K; the larger the K is, the

lower the asymptotic limit. For a given K, states with larger T are lower.

Following this procedure, the quantum numbers K, T and A in the inner and

asymptotic regions can be assigned. The curves shown in Fig. 2 are obtained by

connecting the curves in the two regions.

We notice that the curves which are labelled by the same (K,T)A have

nearly the same shape and values. This provides a first indication that the

quantum numbers assigned have some physical significances. Since the quantum
numbers we need are for the description of correlations, this information is

implicitly contained in the angular functions 0 (R;Q).

(c) Isomorphism of electron correlations

To show that K,T and A indeed describe radial and angular correlations, we

show in Fig. 3 surface charge density plots for the (2,0) + channel of se,
3pO, lDe and 3F of He(N-3) at R-20 a.u. For L40 channels, average over the
rotations of the whole atom has been applied. We notice that all these

channels have large densities near w-450 and e 1 2 -180'. The surface plots show

~3F
°

Fig. 3. Surface charge densities for the (2,0)+ channels at R-20 for He.
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little differences despite the fact that these channels have different L, S and

n. The isomorphic correlations for all these channels illustrate that the
correlation quantum numbers describe major features of correlations appro-
priately.

(I,I)+ 3 De R=2O (I,I- 'D R=27

11,10+ 'PO R=20 (,1)- 3po R-32

Fig. 4. Surface charge densities for the (1,1) + and (1,1)- channels at the
values of R shown for He.

In another example, we show in Fig. 4 the correlation plots for the (1,1)+

1po (1,1)+ 3De, (l1)- 3po and (1,1)- lDe of He(N-3) at the values of R

indicated. Notice that in this case the surface charge density peaks not at

e12-180° but approximately at e12-1200. We also notice that the '-' channels

have an approximate node near a-45 0 . These plots illustrate the major
features implied by the correlation quantum numbers K, T and A.

(d) Supermultiplet structure
One important spectral regularity from the present classification scheme

is that channels which have identical (K,T) and A-+I (or A-l) exhibit super-

multiplet structure. For intrashell states, this supermultiplet structure was
pointed out by Herrick and Kellman as resembling the rotational spectra of a
molecule. An example of this structure is shown in Fig. 5 for the doubly
excited states of H- below the N-5 threshold of H. Here only the '+' states
are considered. The energy levels were obtained from the calculation of Ho

f111
and Callaway . Each state is assigned for the quantum numbers K and T
following the prescription given in (1) and (2). We note that the spectra for
a given (K,T) exhibit behavior similar to the rotational series of a molecule,
particularly for the low-lying members.
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Fig. 5. Supermultiplet structure of f- below the H(N-5) limit. The energies
are grouped accordingly to (K,T)A. Data from Ref. 11.

The supermuiltiplet structure is not limited to intrashell states only. It

is valid for the higher levels of each channel, as well as for the '-'

channels. In Fig. 6 we show some portion of the supermultiplet structure for

the doubly excited states of He below the He+ (N-3) limits. The relative
positions of intrashell states are repeated for the higher Rydberg states.
There is also a repetition of (K,T)+ and (K,T)- rotor structure. This is

clearly seen in Fig. 6.

(e) Singly excited states
According to the present classification scheme, all singly excited states

have (K,T)-(O,O). The radial correlation quantum number is A-+l for ise,
A-1 for 3se and A-0 for all the others. Within the independent particle
model the energy for lsnl 3L is always lower than the energy for lsnl 1L. In
terms of Pauli exchange correlations, it is easily understood that the two

electrons in triplet states are kept away from each other because of identical
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Fig. 6. Supermultiplet structure of He below the He +(N-3) limit. The

energies are given in terms of effective quantum numbers N*. Only states with

parity n-(-i) L are given. Data from Ref. 2.

spin orientations, thus reducing the electron-electron repulsion. In hyper-
spherical analysis, all the A-0 states are confined in the two valley regions,

and Pauli exchange correlations are reflected as angular correlations in that

the two electrons in triplet states tend to stay away from e12-0
0. Singlet

states, because of the symmetry requirement, have larger amplitudes near

e12-00.

For doubly excited states that have been assigned for A-0, they also tend

to stay in the valley region. These states do not exhibit supermultiplet

structure. Instead, they behave more like singly excited states and the

relative energy positions between singlet and triplet states is that triplet

states are always lower. For a given N, L and parity, the number of channels
with A-0 are the same for singlet states and for triplet states. Those with
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identical (K,T) are nearly degenerate with triplet states lower than singlet

states. This has been documented in Fig. 14 of Ref. 6.

III. Body-frame analysis of correlation quantum numbers and moleculelike

normal modes
[12 ]

The quantum numbeLs K and T discussed above were derived originally from
the group-theoretical analysis of approximate doubly excited state wave
functions and later as labels for discussing the asymptotic dipole states.

[131

In the asymptotic region where one electron is far away from the other, the

leading term which distinguishes the various channels of a given N manifold is2 2 2
the dipole interaction 2r2cose1 2/r I and the centrifugal potential ll/r I . If

we neglect the latter term and diagonalize the first term in the hydrogenic

basis, the new diagonal representation can be labelled by (K,T). This inter-
pretation of K and T for labelling doubly excited states is unsatisfactory
since correlation is a property of two electrons when they are close to each
other. In the asymptotic region, there is also no radial correlation. To

aiend this situation, we introduce a radial correlation quantum number A. We
also recognize that the potential surface, as shown in Fig. 1, is quite smooth
along e1 2 , and the potential is proportional to i/R'. Thus in the quasi-

separable approximation, the same quantum numbers describing angular correla-
tions in the asymptotic region can be used to describe angular correlations in

the inner region. This is the idea behind the (K,T)A classification scheme.
The quantum numbers K,T and A used in the classification were treated as

labels for correlations. We have shown that the quantum numbers do depict

different correlation patterns as well as predicting several new regularities

in the spectroscopy of doubly excited states. It is desirable to derive these
quantum numbers directly. Since these quantum numbers are not exact, this is
not straightforward. However, it is possible now to define T and A in a more
rigorous way by analyzing the wave function in the body frame of the two

electrons.

In the body-frame analysis, we take the interelectronic axis as the
internal axis of rotation. The transformation of two-electron orbital angular

momentum function from the laboratory frame to the body frame satisfies the

following relationship,

1 r - 7 41 ( ) D(L)~ (G))1 12 L 1,2 11 2 O 2 Q(9
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where (e1,t2 ) are defined in the laboratory frame and (Ei,t2 ) in the body-(L)
frame, and D (L is the rotation matrix. Suppose the wave function is known

in the laboratory frame,

( r2 ) "  11 12 l' r2) 1 2 LM l2 (10)
1 11212

Using eq (9) we can rewrite (10) as

T(rl,r 2 ) - (R, , )  D( (W) (11)
Q Q

where

, L-(R ) L (RCosct, Rsina) 1 t )  (12)

Q 1 IV 112 Y11 2

and -L < Q < L.

From the symmetry property, one can show that under particle exchange

,R, n/2- "1 2 ) - n(-1)s+ Q (R, ,e12) (13)

We shall use a short hand notation for this phase factor:

A n(-l)S+T (14)

where T-(QJ. The index A determines the reflection symmetry of the hyperradial

wave function with repect to the a-n/4 axis. Thus A serves as an index of

radial correlation. In this analysis, it is clear that if there is only a

single T component in eq(ll), then A is a good quantum number. In other words,

if T is a good quantum number, then A is a good quantum number.

To see how pure the quantum number T is, we display in Fig. 8 the projec-

tion of the (1,1)+ lpo channel of He onto the body-frame. The surface charge

densities for each uf the T-0 and T-1 component are displayed. rercentage

represents the contribution to the normalization from each component. Notice

that T-1 is the dominant component, and that the surface charge density for

the T-1 component does exhibit an antinode at a-45 0 . This is consistent with

the assignment of T and A quantum numbers for this channel. Adr.ixture from

T-0 represents a 10% effect here.

For a given T (and A), we can relate K to the number of nodes, n , in "12'
or to the vibrational quantum number v. The detailed analysis is given

elsewhere, [ 1 2 1 but we can show that
K-N-2n-T-l (15)

-N-v-l
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Fig. 7. Decomposition of the (1,1)+ ip channel of He at R-16 into T-0 and

T-l components.

where v is the vibrational quantum number defined by

v-2n+T (16)

When T is fixed, both K and v change in steps of 2. The vibrational quantum

number (v or K) is used to label the vibrational motion in 012. In this way,

we have derived the physical meaning of K,T and A quantum numbers. For a

given state, if the projection of the total angular momentum onto the body

frame axis has only a single T component, then T and A are good quantum

numbers. Tte quantum number K, although it cannot be derived directly, has

been shown to be related to the number of nodes in 912. It is also similarly

related to the vibrational quantum number of a triatomic molecule. The rotor

series arises from the breakdown of the (K,T) classification. If the states

are arranged according to the number of vibrational nodes, or v, then a

diamond structure, called d-supermultiplet by Herrick and Kellman, is

obtained. The hierarchial order of radial (UA), vibrational (JK) and

rotational (UT) energies is such that

UA > UK > UT ' (17)

The supermultiplet structure is a result of this hierarchial order. The

moleculelike .'- vior of normal modes also are well respected if the above

relation is tru. This analysis allows us to unravel the different degree

of the breakdown of the molecular rovibrational normal modes as well as

to point out the situation where it works.

iV. Conclusions

The classification scheme pLesented here applies to pure two-electron

atoms only. The correlation and designation of doubly excited states of other

atoms are similar to what is discussed here qualitatively in the regi( i where

the two elcztrons are strongly correlated, but the channels are better

described in the dissociated region by the independent electron pict,,re.
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The transition from the correlated limit at small R to the dissociated limit

at large R, in certain circumstances, involves strong coupling between

the channels. The hyperspherical method provides a well-defined computational

procedure to study these problems. The structures of doubly excited states

in several alkaline earth atoms and alkali negative ions have been studied

in hyperspherical coordinates. (14] Similar correlation patterns at small R

have been documented. There are also studies of doubly excited states of

He-. [15] Because the core is not spherically syimmetric, the spin coupling

scheme in different regions also differs. The recent study of Le Dourneuf and

Watanabe (161 on the doubly excited states of He- showed similar classification

schemes and moleculelike normal modes presented here.
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1. INTRODUCTION

Experimental informat on on a collision of microscopic particles can only
be obtained indirectly, by observation of some asymptotic final state (f) for
a collision system prepared in some asymptotic initial state (1). If we de-

scribe the unobserved state of the system during collision by assigning
certain populations of intermediate substates (p), (vi'), we may characterize
an ion-atom collision leading to ionization by the scheme:

A+ +B , Collision . A+ B+ +e- (a)
(i) () (') (f)

In cases where (i) and (f) represent complete sets of quantum numbers, the
"multiple" differential cross sections 1(f) (i) are proportional to a coherent

sum of amplitudes:
(f)(i) I Af i e fliI (b)

These cross sections represent the most detailed information we can possibly
obtain on the transition (i) + (f). By varying experimental conditions that
define the prepared or observed state - in case of our collisions (a), for
instance, the collision energy, the heavy particle scattering angle, or the
electron ejection angle - there will usually arise interference effects of
1(f)+(i), because of the well defined phase relations in the coherent sum (b)
in connection with the dependence of the phases 6f i on the varied conditions.
These interference effects then allow to obtain information on the amplitudes
Af , and on the phases 6f i, i.e. on the collision itself. Incomplete exper-
im~ntal definition of statNs (i) and (f) leads to a partial masking of inter-
ference effects in the corresponding averaged cross sections 

0()-I'which
have to be represented by a relation

Cfc)

where w(i) is the probability with which the state (i) is contained in the
prepared mixture and where by CT) and (!) summation or integration over a
certain regime of sets (i) and (f) is indicated. To the extent that inter-
ference effects are masked or completely averaged out, the information possi-
bly obtainable on the collision is decreased. It is therefore the goal of
experimental collision studies aimed at a clarification of collision mecha-
nisms, to realize as complete a definition of initial and final state of the
collision system as possible.

In case of collision process (a) a complete experimental definition of
states (i) and (f) requires preparation and selection of well defined elec-
tronic states of the heavy particles, as well as a definition of the state of
relative motion of all separated particles before and after the collision. The
requirements regarding the relative motion of the particles can be met by
directing a beam of ions (A+) Into a volume containing thermal target atoms
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(B) at sufficiently low density to guarantee single collision conditions, and
by detecting the scattered (A

+
) at certain angles (6, ) in coincidence with

the emitted electron at angles (0,W). To select a certain electronic final
states it is sometimes sufficient to measure the energy of the ejected electron
(E) or to determine the loss (or gain) Q of relative kinetic energy of the
heavy particles by measuring the kinetic energy of (A'). The situation is of
course more complicated if A+ and/or B, and/or B+ are not in S-states, because
then a complete determination requires the relative amplitudes and phases of
the magnetic sublevels to be fixed.

We report here on recent progress that has been made in our group regarding
measurements and interpretations of coherence effects occurring in multiple
differential cross sections of the type (b)

a = o(,4O,T,,0,t,Q,E) (d)

derived from coincidence measurements (sections 2 and 3), and of the partly
averaged type (e), obtained from noncoincidence measurements (section 4 and

5).

2. EVALUATION OF M-COHERENCES FOR He+-He-COLLISIONS

Multiple differential cross sections obtained by coincidence measurements
between le+(s) scattered into delned angles (eO), and electrons ejected
after excitation by the target He (2p2)ID into angles (6,p) have been re-
ported earlier (1). Interference patterns arising as a function of (0,p) can
be interpreted as represtnting the angular distribution of ejected electrons
belonging to an excited D atom that has a well defined shape and orientation
in space. This angular distribution is simply given by (2)

1(0p) = I I aLM YLM(0,p
) 12  

(e)
M

wit 9 rLM the population amplitudes of the (L = 2, M = -2, ...+2)-states of
(2p ) D. Because of the postulate of reflection symmetry, and because of the
free choice of one phase of the complex amplitudes, the angular distribution
is determined by the three moduli laIM|I and by the two relative phases

These five quantities were dtdrmined, by fitting relation (e) to
measured distributions, for several combinations of collision energy and scat-
tering angle 0 (3). The results are shown in Fig. 1: plotted are the three
moduli IDM1 and the two phases (pm-,pO), which are obtained from the a ,M
and the (q 4- pO) by rotating the quantization axis from the beam directun Into
the asymptotic direction of the internuclear axis after collision. As abscissa
we chose the parameter (b/v),where b is the impact parameter, obtained from
the scattering angle 0, and v is the collision velocity. (b/v)

- 
may be con-

sidered as a "collision strength".
The experimental results are compared in Fig. I to theoretical results ob-

tained on the basis of a rotational coupling model (3). The model is depicted
in Fig. 2. The main features of the experimental data are explained by assum-
ing a "complete" rotational coupling of the one electron molecular orbitals
2po and 

2
pmu at the distance of closest approach. This leads to a two stepu

two electron excitation sequence

(lSOg)(2pou)2 2
1
g . (ISOg)(2Pou)(2Pnu)2 rig (lsOg)( 2

Pnu)2 2Ag,2Eg, (f)

and predicts for 'ie He(2p
2
)1D the values ID21 - 0.61, ID3J = 0.5, JDII = 0,

(02-f0) = , (fi-f0 ) = 0. It is seen from Fig. I that this prediction is ap-
proximately correct at the larger (b/v)-values. The remaining deviations are
described in the model by additional couplings at large and small distances as
indicated in Fig. 2.
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FIGURE 1

Moduli IDmj and relative phases pm -as a function of (b/v). Experimental
data (x A o) and calculation with modelC- (see Fig. 2). Numbers relate
to coordinate frame with z 11 asymptotic internuclear axis, and y i collision
plane.

I 2p~

22

2 S- 2
Is~p D- QP P 'Is 2p

Io 2a

Be distance R I. He(s)H

FIGURE 2
State correlation diagram depicting model used for calculations shown in Fig.
1. "Complete" rotational coupling (1) of one electron orbitals 

2
pou and 2n

predicts ID21 - 0.61; JDOj - 0.5; )DII - 0; I"2 - 0'0 - n
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As obvious from relation (e), the angular distribution of the ejected elec-
tron is closely connected to the "shape" and the "orientation" of the excited

(2p
2
)
1
D-atom. However, the angular distribution re resents a one electron wave

function with angular momentum 1 = 2, whereas the D-atom is represented by a
two electron wave function of L = 2. In order to represent the shape of the1
D-atom, v.d. Straten and Morgenstern (4) have calculated its electron densi-

ty, using independent 2p-atomic orbitals coupled to L = 2, for certain experi-
mentally determined amplitudes a2,. The angular part of this density is com-
pared in Fig. 3 with the angular istribution corresponding to the same ampli-
tudes a2M. While the orientation of both, the atom and the amgular distribu-
tion, is identical because it is directly determined by the a2M, the shapes
are different. The tilt angle y may most conveniently be expressed in terms of
moduli d2 and d_2 and phases X2 and X_2 of the L = 2 population amplitudes in

a coordinate frame with z-axis perpendicular to the scattering plane and the
x-axis parallel to the beam direction:

y= arc tg{(d_2 sinx_2 - d2sinx2 )(d_ 2sinX-2 + d2sinX2)1 (g)

7 , /

FIGURE 3

View in perspgitivl of the angular intensity distribution of the electron

emitted by He (2 p )D 4 P e+(JJ) + e- (left figure), and of the angular part

of the electron density of He (2p2 ) ID (right figure). Intensity and density,

respectively, are given as distance from origin. Figures are calculated using

the same set of experimentally determined values a 2M*

3. L-COHERENCES FOR Li +_He-COLLISIONS

The coherent superposition of N-states corresponds to certain shapes and
orientations of stationary charge distributions of excited atoms, as we have

seen in the previous section. Since different L-ststes belong to different
energies8 E L - except for hydrogen - the coherent superposition of L-states,
describing the ensemble of atoms excited in a collision event with well de-
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fined initial state, corresponds to a nonstationary charge cloud. In case of
two states L,L' there arise oscillations with frequency v 

= 
AELL,/2n. Our

general formula (b) shows that, in case of coincident observation of the
emission of electron after collisional excitation, these oscillations will be
observable if the time (t) elapsed between excitation and measurement is
defined in state (f). In such a case (b) becomes

(f).-(i) , I A, e16fMi + 1 ifM, iAE LL,.t 2 (h)

In a normal collision experiment (t) is not well enough defined to allow a
resolution of the time oscillations. The time resolution necessary to resolve

the beats for the He-states (2s2p) P and (2p
2
)
1
D - which are separated by

.24 eV - corresponds to a precision of the order of 10
-
16 s, about six orders

of magnitude higher than experimentally achievable. On the other hand, as we
have pointed out earlier (5), the PCI-effect provides a kind of "clock" which
measures the time point of electron emission after collision. This is so be-
cause the PCI-effect broadens an autoionization line of nominal energy CO into
a distribution of electron energies E, with e being related to the time point
of emission (t) by the relation (in atomic units)

(e0 - ) = (vt)
- 

, t = 1/(i 0 - C).v (i)

The time resolution for this manner of measuring time by measuring E, is
limited by the uncertainty principle to

Att > vt/T. (j)

For velocities of the order of v - 0.1 a.u. used in our experiments At is thus
smaller than 0.1 V for relevant times t < t.

If two PCI-broadened autoionization lines overlap, such as the lines be-
longing to autolonization of He in the states (2p 2)D and (2s2p)lp, the mea-
surement of ejected electrons of energy e in the overlap region defines a
final state (f) that, according to relation (i), fixes well defined but dif-
ferent time points for the two states. These two different time points have to
be used in the general formula for the multiple differential cross section
(b), which leads to the relation

i~fMi i~fM, i iAELL, AtLL,(E) 2

o(f)( 1 )(e) I AM e + ) AfM,i e .e i (k)
M M'

with AtLL, (c) = t (E) - t ,(E) = E/[(EL - r)(r 0 - i).v]. Formula (k) is

given to show qualitatively in wh way te time evolution of the system in a
coherent superposition of L-states is reflected in the coincident electron
spectra. A formula that describes quantitatively the shape and angular depen-
dence of spectra arising from overlapping PCI-lines has been given earlier
(5,6). In Fig. 4 we show two recently measured spectra belonging to the He
states (2p

2
) D and (2s2p)

1
P. The spectra are obtained with the electron detec-

tor in the collision plane but at opposite sides with respect to the direction
of the impact parameter vector, as indicated. The solid lines are calculated
using our earlier reported formula (5,6), and by taking into account our
finite experimental energy resolution. The oscillations predicted by the
qualitative relation (k) are clearly seen. These oscillations allow to derive
one relative initial phase between the amplitudes of the different L-states.
Angular distributions at specified E allow to determine the complex amplitudes
of the sublevels a and a M, of the Ip_ and 

1
D-state, respectively, by fit-

ting the theoretca formula. Calculated distributions of the emitted intensi-
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FIGURE 4
Electron energy spectra from He** in a superposition of states (2p2) 'D and
(2s2p)Ip. Upper- and lower spectra are measured in the collision plane and at

opposite sides as indicated. (++) exp. data and (-) calculation are given in
the frame of the emitting atom. The PCl-induced oscillations reflect the time
evolution of the atom.

ty in the scattering plane at various energies are indicated in Fig. 4. The
angular distribution of the, over energy (time) integrated, intensity is shown
in Fig. 5, where the directly measured distribution is compared to the theo-
retical result obtained with amplitudes that also reproduce the energy spec-
tra. One notices that the energy (time) integration has not averaged out the
LL'-interference completely. The partial LL-coherence reveals Itself by the
fact that the angular distribution does not have defined parity.

Since, by measurement, the amplitudes of the sublevels of the two states Ip
and ID are determined, as well as the relative phase between the P and the D
population amplltudes, the time evolution of the charge cloud corres~onding to
the ensemble of He-atoms, excited in wel tefned collitions with Li into a
coherent superpositon of the states (2 p D and (2s2 p P, can be r c n t u -

ed. P. v.d. Straten and R. Morgenstern (4) have done this by calculating, for
the two electron atom, the electron density in the independent electron
approximation using the orbitals 1IM0> and 1'2m2> coupled to LM and L'M',
respectively.

The electron density becomes
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p(Q) = 2 ) ) a aL,M,<ilm 2 ILM>
LL' MM' 

m

X <1 m £2m2!L'M'> Ym (Q)Y Z. (1)D exp[it.AE (
Iml 1n Y.' LL''(1

100485PS

YREL

18o"\0 *

9270*

FIGURE 5 **
The angular distribution of electrons from He in a superposition of states
(2p

2
)'D and (2s2p)

1
P. The three figures represent three cuts through the three

dimensional distribution. (4) exp. points with (statistical) error bars; and
(-) calculation relate to Li+-energy of 2 keV and Li+-scattering angle of
10%.

FIGURE 6
View in perspective of the time evolution of the doubly excited He** in a
superposition of states (2n

2
)
1
D and (2s2p)

1
P. Left figure represents the time

point of excitation by Li (t = 0), and the other figures belong to t = IT,
t = IT, t = 3/4T and t = T, respectively, with T = 1.74.10

-
14 a the

oscillation period.
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where the brackets represent Clebsch-Gordan coefficients, and the D are
integrals of radial wave functions. Fig. 6 shows a three dimensiona view of
the atomic shape resulting for our example when the experimentally determined
values eLM , aL'M' are used. The oscillation period given by AELL, =
8.8.10

-  
a.u. 

= 
0.24 eV is 712 a.u. = 1.7.10

- 1 
s. At t = 0, de ined by the

time point of excitation, which occurs close to the distance of closest ap-
proach (3), the charge cloud is apparently shifted towards the Li+-projectile,
subsequently it starts to oscillate. This oscillation must be interpreted as a
collective motion of the two participating electrons.

4. IMPROVEMENT OF PCI-DESCRIPTION FOR LARGE V

The theoretical formulation of PCI-broadening and PCI-induced interference
of autotonizing lines in spectra arising from ion-atom collisions was origi-
nally derived (5) for cases where the relative velocity V of the heavy parti-
cles after the collision is small compared to the velocity of the ejected
electron V (V << VO). In connection with recently measured He-autoionization
spectra arising from collisions with He+ at energies in the 100 keV region
(7), where the condition (V - V0 ) prevails, it seemed worth while to explore
the possibilities to extend the original semiclassical description to the high
velocity region. v.d. Straten and Morgenstern (8) found that in the original
Ansatz for the PCI-transition amplitude (5,9) as a function of the detected
electron energy Ed,

I rt

d (r/2)fexp{- -t + i[(Ed - C0 )t + fS(t')dt'] dt, (m)
0 0

the shift S(t') = (V.t')
-I 

= co - E(t') must be replaced by an expression
which depends on the velocity of the electron, and on the angle of ejection
(a) formed between the emission direction and the direction of the vector of
relative velocity V. In the approximation that the width of the PCI-broadened
line is small compared with the nominal energy c0 this expression simplifies
to

1 V0 (V0 - V.cosa)
S(t') = (2 2 2 n)

(V0 - V.cosa) + V sin a

The integral over S(t') in relation (m) can be carried out. By introducing an
effective velocity

- [(V0 _ V.cosa)
2 

+ V2sin2 a]
SV O(V0 - V-.cosa)

and the reduced quantities

Ed = 
2
(Cd - r0 )/f; t = t.r/2 (p)

the amplitude (m) becomes

A( d ) = (2/r) fexp{-t + i[d t + - in _tJdt.exp(! in 2/r) (q)

0 V V
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In the limit of infinite V, (q) yields a Lorentzian line shape, and in the
approximation V << V0 the original analytic 2epression (5) is recovered if the

stationary phase approximation is applied tor tne eviluatiun of the time ite-
gration. In the intermediate region (V0 - V) the integration has to be per-

formed nummerically.

In case of two overlapping PCI-lines the energy dependent electron intensi-

ty in a direction (Q) is obtained by coherently superimpose two amplitudes

Al(Ed) and A2(Ed):

1(cdQ) - IfI(Q)A1(Ed) + f2(Q)A2(Ed)1 2 (r)

To find out to what extent the PCI-effect influences autoion zftion spectra in

the region (V0 - V), the spectra arising from decay of He(2p ) D and

He(2s2p)IP after excitation by He+ in the collision energy range of 100 keV
were calculated numerically using relations (q) and (r). An example for a

collision energy of 100 keV and Q = a = 180" is shown in Fig. 7. Although the
collision velocity is V = 1.00 a.u. the spectrum deviates significantly from

the sum of two Lorentzian profiles that correspond to the natural widths of

r(1D) = 0.072 eV and r( 1P) = 0.042 eV, respectively. Furthermore, when the
relative initial phase between the two amplitudes is changed by n, the ratio

of the peaks changes by almost a factor of two, showing that the effect of

coherence is still important, although the peaks seem to be well separated.

These findings show that even at high collision velocities in the region

V > I the effect of PCI on autoionization electron spectra can be important.

To demonstrate this, v.d. Straten and Morgenstern (8) have reanalized the He-
autoionization spectra recently measured by Itoh et al (7) for He /He-colli-

sions in the range from 100 keV to 500 keV. Part of their results are repro-
duced in Fig. 8. Plotted are the peak areas of the "upper" and the "lower"

aA

L

z

35 35.5
ELECTRON ENERGY [evj

FIGURE 7
Calculated energy spectra resulting from autolonization of He** i" states

(2p )1D and (2s2p) P, after excitation in 100 keV He
+ 

+ He collisions. The
result of different assumptions regarding the relative phases are shown: (---)

random phase, (-) phase zero, and (-.-.-) opposite phase.
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FIGURE 8 Projectile Energy(KeV)

Intensities of the "upper" (00), and of the "lower" peak (oo) as determined

by Itoh et al (7). Solid lines represent squares of the moduli for excitation
of (2s2p)IP, and (2p

2
)
1
D. respectively. (+++) and (xxx) are intensities for

"upper" and "lower" peak, respectively, as calculated by adapting the relative
phase and using the moduli shown.

peak of the spectrum belonging to decay of He in the states (2s2p) P and
(2p

2
)ID. Since Itoh et al (7) assumed that the "upper" peak is a measure for

the excitation cross section of (2s2p)
1
p, and the "lower" one for the exci-

tation cross section of (2p
2
)'D, thyy ascribe the peculiar dip in the "lower"

peak intensity to a minimum in the D-cross section, i.e. to a minimum of the
moduli, of the ID excitation amplitude. In contrast, the PCI-analysis shows

(8), that the same experimental data may be explained by assuming smoothly
varying moduli - the square of the moduli are represented by the solid lines
in Fig. 8 - and by adapting the relative phase between the P- and the ID-
amplitudes. It should be noted that, although the electron spectra of Itoh et
al (7) are non-coincident spectra for which neither the scattering angle nor
the scattering plane are defined, the iP- and ID-contributions are expected to
be coherent because (1) e is confined to very low angles at the high collision
energies, and (ii) at 0 = 180" integration over different orientations of the
scattering plane does not have any effect regarding the coherence.

5. TURNING POINT RAINBOW FOR TRANSFER IONIZATION

The examples of coherence effects discussed so far pertained to electron
emission after the collision. Other coherence effects in electron spectra
arise when electron emission during the collision is important. This is the
case for a whole class of collision systems, namely, collisions of multiply
charged ions with atoms. Because of the high recombination energy of such
ions, the combined Ion-atom system is usually unstable with respect to spon-
taneous electron emission (10). A prototype system of this class is He

++
/Xe

which decays during a collision at very low energies (I eV - 100 eV) to
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He+/Xe
+ + 

+ e-() (11) with high probability. Different "paths" (I), in the

sense of the general formula (b), arise in such systems if the transition

energy Vi(R) - Vf(R) = tr(R) has an extremum in the region of distances where

the transition probability is nonzero. If Etr(R) has a minimum at tr(R*),

then for E > ttr(R.) there are, classically, two distances, R, and R2 , at

which transitions leading to the final state with detected energy c may occur.

Semiclassically, this corresponds to two amplitudes in formula (b), and thus

to interference effects in the electron spectrum. The effect itself is char-

acterized by two conditions, (i) at R, the phase difference between the two

amplitudes vanishes, which leads to constructive interference at R*, and (ii)

at R. there arises a classical singularity because the Jacobian !d(etr(R))/dRj

= 0 at R*. These characteristic features allow to approximate the spectrum

I(E) by the square of an Airy-function in the region e - etr(R*). Because of

the mathepatical similarity of this effect with the well known "rainbows" in

differential scattering, we call this effect a "rainbow" in the electron

energy spectrum. "Rainbows" of the described type have been discussed earlier
(10,11) and they have been shown to arise for the He++/Xe-system because of a

minimum in the He ++-Xe-potential (11). Recently we have shown (12) that spec-

tral features arising from spontaneous emission of an electron (or photon)

close to the turning point of a heavy particle collision of well defined im-
pact parameter can also be interpreted, and approximately described, as a

"rainbow". Schematically the situation is depicted in Fig. 9: As a function of

time, the transition energy EtR(t) for any system has an extremum at the

turning point R0(t = 0), and t e two transition amplitudes for final states
defined by E < ttr(RO) = t0 lead to the characteristic rainbow interference.

By approximating, in the region R - RO, the R-dependent initial potential

Vi(R), the R-dependent natural width F(R), and ttr(R) , as

tr (R) = to + th(R - RO )

F(R) = r0 + 1-(R - R0 )

/r(R) = Yr0 + (F'12VrO)(R - R0) (s)

V.(R) = i+ V 0(R-

and by using an Ansatz equivalent to relation (m) for the spectral intensity

I(e), one obtains for a collision of impact energy E and impact parameter b
the simple result (12)

t=O

-I (c)-Time, t

FIGURE 9
Schematic drawing showing the time variation of the transition energy ttr(t)

in the neighbourhood of the turning point R(t = 0), and the resulting
'rainbow"-feature in the emitted intensity I(e).
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S z.c 2 2 ir0 -1/3
+ 2/31 IAi(z)I z = - 2

2F 2

I 2Eb ,t)

R0

Since the transition energy at the turning point, 0' E sensitively depends on
the impact parameter, "tu-ning point rainbows" can only be observed if the
impact parameter is well defined. A characteristic feature, which distin-
guishes the "turning point rainbow' from the "rainbow" caused by an extremur
in Etr(R), is the fact that its energy position varies strongly with -.Wlision
energy. An example of a recently measured "turning point rainbow" is shown in
Fig. 10, where the doubly differential cross section o(O,Q) for the process

-4 - r 20 - 040eVe

a [2V]

FIG;URE 10
Measurea "-,,rning point rainbows" for 14c

+ + 
+ Xe + He 4 + Xe 

+ 
+ e-(E) + Q.

Shown are energy ga'n (loss) spectra for various collisiL energies E. Solid

lines show calculations using relation (t).
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He+ + Xe - He+(Is) + Xe + e(E) + Q (u)

is reproduced for several impact energies E (13). For processes of well de-
fined initial and final electronic states of the heavy particles, the angle
integrated coincident electron spectrum and the spectrum of loss (or gain) of
relative kinetic energy Q at defined angle 0 are equivalent. The solid lines
show a fit of formula (t) to the measurement.

As already pointed out, the "turning point rainbow" is a very general
feature, which is not restricted to electron emission and not to a certain
energy range. A fit of formula (t) to coincident MO-X-ray emission spectra
from collisions of Clf6+ with Ar (14) is shown in Fig. 11. The value of the
identification, and of the analysis, of such rainbows is, of course, that
information of the quantities (s) is obtained.

C1 '/Ar E=20 MeV

b=1420 fm

-, I-
W" /Ar / E= 25 MeV

bz b 1170 f m

C Eo

4 6 8 10 12

0 x-ray energy. (kev)

FIGURE 11
Measured MO-X-ray spectra (0) from ref. (14), and calculatlons using relation
(t). No parameter is varied to reproduce the dependence of the spectra on

collision energy.
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1. INTRODUCTION

During the past two decades Auger-electron spectroscopy became a well-
established spectroscopic tool for atomic structure studies of excited atoms
as well as for studies regarding the excitation mechanisms themselves
(1,2,3). Progress within the last 5 years is predominantly achieved for spec-
troscopic investigations of highly-ionized few-electron atoms (4-10). BeLause
of fluorescence yield effects and the presently achievable detection efficien-
cy the range of these investigations is limited to atoms ranging in atomic.numbers up to about 18. The majority of the studies has been performed on col-
lisionally excited target atoms. In the spectroscopy of target atoms neutral
atoms are stripped to few-electron ions in a single collision event if high Z
projectile ions are used (5,12). Here, line broadening effects can be greatly
reduced if fast enough projectile ions are used to minimize the recoil momen-
tum. Projectiles which ionize the outer shells less efficiently give rather
complex spectra (8). Line assignments in those cases are complicated due to
line blending. The projectile dependence of the multiple ionization has been
studied over a wide range of projectile energies and species. It has been stu-
died most extensively in the case of Ne where Ne K-Auger (and 6-ray) spectra
have been measured using projectile ions ranging from H+ to U + (12), at pro-
jectile energie- from a few keV up to a few hundred MeV. Average quantities
like the centroid energy of the Ne KLL Auger spectra, the satellite to total
line intensity ratios and the average number of L vacancies produced simul-
taneously with the K vacancy have been deduced. Fig. I shows experimental,
fitted and theoretical values for the probability (PL) of the removal of an
L-shell electron simultaneous to that of a K-shell electron as a function of
the effective nuclear charge versus the projectile velocity. The plotted data
show that a universal scaling rule for PL can be established to some extent;
indicating a saturation effect for very high Z ions (9,10). In particular, the
effect of electron capture in secondary collisions of slow-moving recoil ions
with target atoms has been studied via Auger electron spectroscopy recently
(6,12). Selective capture of electrons into the vacant shells of the highly-
ionized recoil ions could be studied for specific mixtures of target gases. As
an example! Figure 2 shows an Ne-K-Auger spectrum as produced with 1.4
MeV/amu Kr 4+ incident on Ne. The spectrum shows a rather reduced number of
Auger lines due to the high degree of multiple ionization. The inset in Fig. 2
demonstrates the effect of secondary collisions. The probability for the po-
pulation of states at a few eV (recoil energy) is drastically increased as the
arget gas pressure is raised (see Ref. 5,6,11,12).

** University of Nebraska, Lincol.;, Nebraska 68688, U.S.A.
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Spectroscopy of Auger electrons from fast gas or foil excited projectile
ions has been performed to some extent. However, thesp measurements sufferin
general, from severe kinematic line broadening effects which cause limitations
on the achievable spectroscopy resolution (13,14). Only in cases where suffi-
ciently small forward angles have been used, these broadening effects could be
reduced (15). Kinematic line broadening is in first order absent if the elec-
tron emission from the projectile is observed at 0° forward angle as will be
discussed below (16-18).
Only recently systematic spectroscopy of Auger electrons emitted from excited
projectile ions has been performed at CP forward angle (16-19). The method
reduces broadening effects such that high resolution as good as obtained in
target electron spectroscopy can be achieved. This allows to take advantage of
the spectroscopy of Auger electrons from excited projectile ions. The most
striking advantage is that the electronic outer-shell configuration of the

118MeV Krl Ne

Fig. 2 Ne-K Auger

spectr~ from 118--
MeV Kr + impact on
Ne. The inset shows .
the pressure
dependence of the t* ..

secondary electron i- - -
capture (6,11,12)... ....

700 800 900
Electron Energy IeVI
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projectile ions can be prepared. Subsequently, in a collision where only one
inner-shell electron is removed a detailed study of atomic structures of se-
lectively excited atoms can be performed via electron spectroscopy (17).

In the following, recent examples are described where the advantages of
zero-degree electron spectroscopy are combined with the possibility of selec-
tive excitation of projectile ions (17-20).

2. EXPERIMENTAL SET-UP AND KINEMATICS

Only a few remarks regarding the experimental set-up and the kinematics
of electrons emitted from fast projectiles are made here, a more detailed des-
cription is given in Ref. 19.

The experiments to measure Auger electrons in ion-atom collisions are ge-
nerally performed using electrostatic spectrometers inside a magnetically
shielded high-vacuum scattering chamber. Fig. 3 shows a schematic experimen-
tal set-up which is typically used for measurements of electrons from excited
projectile ions at zero-degree observation angle. A collimated beam of ions
from an accelerator is directed into the scattering chamber and collected in a
Faraday cup. Excitation and decay of the projectile ions primarily takes place
within a gas cell, after a foil target or at a collision region formed by a
target gas (jet) and the ion beam.

Collimator

/ /Deflector

vICKSI-Beam GsCl

Faraday
Tand em - Cup

Spectrometer

Fig. 3 Schematic of set-up for electron spectroscopy at
zero-degree forward angle.

The Auger electrons ejected from the target region can be analyzed in
energy by a tandem-type electrostatic electron spectrometer. This device con-
sists of a deflector used to steer the electrons out of the ion beam and a
parallel-plate analyzer used for the energy analysis of the electrons. High
resolution is achieved by deceleration of the electrons between two grids
in front of the analyzer. It should be noted that the analysis of the meta-
stable components in an Auger spectrum can easily be achieved by deflecting
electrons due to prompt transitions out of the viewing region of the spectro-
meter.

As demonstrated in a variety of experimental investigations projectile
Auger electrons are influenced by kinematic (Doppler) effects since they are
ejected from a moving emitter. For a straight-line trajectory of the projec-
tile the energy E of the Auger electron in the laboratory frame at zero
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degree (and 180P) observation angle is obtained from the corresponding energy
E in the projectile rest frame by

E = El + tp ± 2(E' tp)1/ 2  (1)

where tp_= T m/M is equal to the projectile energy To reduced by the
electron-proyectile mass ratio; electrons are emitted in forward and
backward direction (t > E'). The quantity t is equal to the energy of an
electron moving with ?he velocity of the projoctile. For fast projectiles
(tp >>E') the shift of the Auger lines follows primarily from the second
term (tp) on the right-hard side of Eq. (1). For tp>E' Auger lines can only be
observed within a certain range of forward angles, there and at zero degree
the Auger peak occurs twice in the spectrum. The width of the Auger line is
changed according to the third term on the right-hand side of Eq.(1). The
height of the Auger line is also changed, the corresponding double
differential cross section transforms as

do _ E) 
1 / 2 d2 ,

dQdE E dQ'dE' (2)

The Auger line is broadened due to the non-zero acceptance angle of the spec-
trometer. The broadening effect cancels in first order when electrons are ob-
served at zero degree.

4 4
Figure 4 shows an electron ELC 100 MeVNP He

spectrum measured at 0° obser-
vation angle. The dominating 6  D 7

peak (cusp) in this case (Ne + 3
He)is due to "-''<ctron loss to r -3
the continuun .C). The peaks W
which are sym,-: ically super- 02

imposed on the low and .. .

high energy tails of the cusp t

are due to autoionizing W
transitions in the excited u)l
Ne-ions. Similar results for 0
different ion species have first 0
been given in Ref. 16,18; 0 4 6 2 3 0

recent data have been reported EC0 24 6RG 2800 3000 3200

by T. Schneider (Ref. 21). ELECTRON ENERGY W)

Fig. 4 Electron cusp and
superimposed autoioniiation
lines from 100 MeV Ne +

impact on He (21).

The inset in Figure 4 shows these peaks after a transformation into the
projectile system. The energy positions are very well described by the
"Rydberg-formula" as pointed out in Ref. 21. It should be noted that it was

possible to resolve structuresin the line labelled n=7 which could be
attributed to contributions in,,olving higher 1-quantum numbers.
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3. K-SHELL AUGER ELECTRON EMISSION FROM SELECTIVELY EXCITED FAST
Ne-PROJECTILE IONS

Ne is the most extensively
studied atom using Auger-elec- IQ A. 100,vNe-o m

tron spectroscopy. Most of these 2
studies have been performed on -3 111 A A

collisionally excited target
atoms. A few studies have been
performed on excited Ne-projec-
tile ions (4,22). fb) lMeI ,onH

Recently new results (20) 1 a a I
using the method of OP electron I B, 82 1 11

spectroscopy have been reported
which are reviewed in the fol- 20c v

lowing. In Fig. 5 experimental 12- 0 0

results are shown f ar 70 MeV6+ 7 • C3
Ne + and 1O0 MeV 7OM+ and %e 1 V [i [2 0

incident n a He-gas target. The A
Auger peaks were fitted by a
Lorentzian curve folded by a I(d 4SMeV[I"onNe

Gaussian-type spectrometer 
res-

ponse function. The line identi-
fication was based on energy 1
comparisons with previous ._
experimental and theoretical 66o 680 700 120 740
studies. The Auger energies for Etectron Energy EeVi

B-like Ne are the first mea-
surement of these lines with
high resolution. (20,36).

Fig. 5 Ne K Auger spectra from He
excited Nen+ (n=4,5,6) projectile
ions in comparison with a heavy ion
induced target spectrum

The study demonstrates the advantage of spectroscopy on projectile ions
over the target atom. In previous measurements with the 45 MeV CI + ions the
strong Coulomb field induced by the highly charged Cl ion results in the re-
moval of several electrons from the Ne L-shell whenever a vacancy is produced
in the K-shell (36). This causes the simultaneous production of recoil atoms
with different charge states which correspond to Li-, Be-, and C-like electron
configurations. The decay of these states gives rise to the line blending
(Fig. 5, target spectrum). In addition, the population of Rydberg states that
can feed metastable Auger states by cascade transitions complicatesthe analy-
sis of the Auger states of target spectra.

In the following different cases with different projectile charge states
are considered (for more details see Ref. 20):

1. Ne6  + He (Fig. 5a).: The spectrum obtained for Ne6+ impact shows
relatively simple structure dominated Yy2 1ines arising from three-electron
(Li-like) states. The Auger state ls2s S gives rise to the strongest peak
Al. Further prominent lines refer to the Li-like configuration Is2s2p. The
peak A2 can be attributed to the metastabIe itate Is2s2p P I Psaks A3 and A4
refer to mixtures of the states Is (2s2p P) P and Is(2s2p P) P. In principle
the configuration ls2s2p can be produced by di feent mechanisms. It may be
created from the ground-state configuration Is 2s S by the removal of a Is
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electron and the simultaneous transfer of a 2s electron to the 2p orbital. The
2s-2p trpnsition without spin flip could account for the excitation of the
ls(2s2p P)4 P state, while 3 thq transition with spin flip for the excitation of
the Is2s2p P and Is(2s2p P) P states. In the present collision system the
probability for such a 2s-2p transition is expected to be small.

The main indication that the 2s-2p tragsition is weak comes from the fact
that no lines due to the configuration ls2p could be identified on the basis
of present energy calculations. In the spectra 9f2 Fig. 5 the e2 are no peaks at
Auger energies corresponding to the states ls2p 0 and is2p S. However,
these states appear rather strongly in foil-excited Ne spectra or in recoil
ta~get 2spectra prndired by high-energy heavy ions. Two-electron transition
2s -2p in addition to the removal of the Is electron can be considered to be
negligible in this collision system. thus one may conclude that the
probability for the 2s-2p transition is small. The configuration ls2p 2P
may also be formed from the incident metastable state Is22s2p 3P (the 3 Po has
a lifetime of mseconds)3via ionization of a Is electron. The excitation
of the states Is (2s2p p)2P and Is (2s2p 3p) 4p from the ground state
Is 2s2 'S requires a spin-flip during the 2s-2p transition. In the excitation
of projectiles by low Z target atoms such as He, spin-flip processes are ex-
pected to be negligible; therefore, the 2s-2p transition which requires a
spin-flip in addition becomes even more improbable. Intensity comparison be-
tween lines Al-A4 in Fig. 5, based on the number of final spin states avail-
able indicate that the fraction of metastable particles in the Ne + beam
could be as high as 10%. The Aug~r peaks A5 and A6 are tentatively assigned to
the Be-like configu~ation 31s2s2p . This state may be created from the incident
metastable state Is 2s2p P via a ls-2p transition.

2. Ne 5+ + He (Fig. 5b): The most striking feature of this spectrum is the
weakness of the first two Li-like lines Bi and B2 which are the most prominent
peaks in Fig. 5a; this shows that the Li-like contributions are weak and can
be neglected in the line anaylsis of this spectrum. In Ne + + He collisions
Be-like states are produced nearly exclusively, all Auger lines B3-Bl1 can be
attributed to Be-like Ne. Thus, in conflicting cases where Li- and Be-like
states are close in energy (within the experimental resolution), the corres-
ponding line is attributed to a Be-like 5onflguration. For example, the peak
B5 is assigned to the Be-like state Iss 2p P (decaying to the Is 2p p). The
most prominent lin~s such as B3, B5, B6 and B8 are found to originate from the
configuration 1s~s 3p createq by single ionization of a Is electron from the
initial state Is 2s 2p of Ne +, The ot er Auger lines (B4, B7 and B9-11) are
attributed to the configuration Is2s2p created by the ionization of a is
electron accompanied by the excitation of a 2s electron into a 2p hole. These
peaks except for B4 are probably composed of at least two lines. It is seen
that the intensities of these lines are mucP weaker in comparison with those
which originate from the configuration Is2s 2p. Again this suggests that the
probability for 2s-2p transitions is small. The absence of B-like lines indi-
cates that the K vacancy is preferentially produced by ionization instead of
excitation of a Is electron.

3. Ne4+ ± He (Fig. 5c): The spectrum is again characterized by the
initial charge state of the projectile. Most of the Auger lines observed at
electron energies above 680 eV originate from the B-like initial
configurations.The identification of each line is difficult, because in the
present energy region there are many Auger lines expected from the B-like
configuration However, the line assignment is simplified, if one takes into
consideration that the configuration of ls2s 2p Zis expected to be
predominantly produced. It is created via ioniiation of a single Is electron
in accordance with the results for Ne + and Ne + impact.



Auger Spectroscopy of tlighly Stripped Ions 677

In Fig. 5c the Li-like CI and C2 are also observed. The intensity of

these lines is relatively small so that the influence of Li-like lines can be

neglected in practice. Moreover, in Fig. 5c the Be-like lines C3-C5 are ob-
served with noticeable intensity. Hence, the B-like Auger group especially in
the energy range of 680-710 eV is probably mixed with some Be-like lies (con-
tribution of he Be-lines is estimated to be less than 10%). The Be-like cofi-
guration Is2s 20is probably created by simultaneous i~nizetion of a Is and 2p

electron from the ground-state configuration Is 2s 2p Ne +.

4. L-SHELL AUGER ELECTRON EMISSION FROM SELECTIVELY EXCITED FAST Ar
PROJECTILE IONS

L-Auger electrons were measured with high resolution in collisions of
91.6 MeV Arn+(n=5,6) ions with He and Ar ga tlrggts.,Due to thq pojocti le
charge state the initial configurations Is 2s 2p 3s 3p and Is 2s sp 3s are
selectively excited (17).

Fig. 6 shows that the spectrum produced in 91.6 MPV Ar
6+ 

+ He collisions
is dominated by one peak at 102 eV. The data are compared with results acquir-
ed with Ar 

+ . 
The corresponding Auger spectra are seen to be completely dif-

ferent. The peak at 102 eV is relatively weak in the Ar spectrum. It exhi-
bits additional structures which are dominated by the peak at about 112 eV.

Similarly as in the Ne-case, He only weakly effectsthe outer shell of the
projectile during the L-shell excitation. Hence, it is expected that apart
from the removal of the 2p electron the configuration of the incident projec-
tile is essentially retained in t e collisions. The groundstate configuration
of Art+ is Is 2s 2p 3s , while Ar + has an additional 3p electron. Ttus the
most pomjnet peaks 2 and 3 are attributed to the configurations is 2sL2p

5
3s

2

-4 1 , , 33p 1P,2rejpe,6vely. Also, peak 4 is attributed to the initial
configuration is 2s 2p 3s 3p, which, however, decays to a final state differ-
ent fror that for peak 3.

8 916- MeV ArW -He

6 -

3 4
2 qA5

Fig. 6 Ar L Auger spectra

from 91.6 MeV Arn (n=5
impact on He (17).

2 q=6

80 100 120 140 160 180 200 220
Electron Energy (eV I

The occurance of the (weak) peak 2 in the Ar
5
+ spectrum shows that
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there is a possibility of ionization of the 3p Plectron in addition to remo-

val of the 2p electron. The corresponding probab'lity i expected to increase
when the nuclear charge of the target atom increases. This is shown in Ref.
17, where Ar Auger spectra are compared as a function target species. It was
found that under the assumption that the 3p ionization is independent of the
removal of the 2p electron, the relative intensity of the peak 2 in Fig. 6
is equal to the probability for 3p ionization by the target atom passing
through the L-shell radius of the projectile Theoretical ionization proba-
bilities estimated using the scaling procedure of Hansteen et al. (37) are
found to be consistent with the present results for Hz and He. For Ne the
perturbation theory is expected to lose significance for the ionization of Ar
3p electrons.

191 6MeVAr.He

890 t

790

20 I

90 '00 11 2 '.

Fig. 7 High resolution L Auger spectrum from 91.6 MeV Ar
5+

on He Collisions (17).

It is noted that each peak refers to a group of unresolved lines. For in-
stance, doublets of 2.2 eV separation are expected following from the

2p1/2-2P3/2 fine-structure splitting in the initial state. Individual
lines are observed in the spectrum measured with the high-resolution with the
tandem spectrometer. The spectrum is shown in Fig. 7;showing a part of the Ar

5+

+ He spectrum where the effective resolution is 0.5%.

To verify the spectral -

structures in Fig. 7, Ar-L
Auger transition energies 2s 2

were calculated using a -13600
multi-c'nfiguration Dirac

Fock (MCDF) program. For m3s4s

the cases studied, the term 3s MM
splitting and the fine - 3p! - 4s-structure splitting are of -13700
the same order so that the 2 =2p3s 3d-intermediate coupl ing 2s2p3$13p

schemes are suitable for -4P-

the calculations. When the 
4s

projectile is simply -13800 -- 2 d-

ionized in the 2p or ital 22s2 p' 2s
2 p2P3s 3p

in the collision, Ar
°+ 

is x, ,

created. When the 3p , 3
electron is removed in 4 P:.
addition to the 3p -13900 ......
ionization, Ar is - 3d
obtained. X 3p

Fig. 8 Diagram fog the decy of -14oo0 ........
Auger states in Ar and Ar (23) reAr!' > .___Ar_____ Ar"
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In Fig. 8 (23) the Auger transitions for Ar
6+ 

and Ar
7+ 

are indicated by
arrows labelled in accordance with the notation of the peak grougs Fig.lq.

The peaks 2a and 2b re attributed to the initial configuration 2s 2s 2p 3s
forming the doublet pI/3 ,36 2.6 The peak groups 1, 3, and 4 are due to a
final configuration is 2s 2p with an additional 3d, 3p, and 3s electron,
respectively.

The peak group I is particularly interesting, since it is produced by
three-electron transition which cannot be initiated by the two-body Coulomb
interaction operator in first order. Also, shake-up effects or configuration
interaction in the final state of the residual ion should not be important.
Here, higher order effects such as interchannel interaction have to be consi-

dered.

5. TRANSFER AND EXCITATION IN SLOW He
+ 

ON He COLLISIONS

High-resolution projectile Auger spectroscopy studies providing detailed
information about each excited state have been performed previously for helium
and lithium projectiles (25,26).However, studies with He projectiles have been
limited to relatively low impact energies. This has been primarily due to the
fact that electrons from fast projectiles are significantly influenced by ki-
nematic l.,ie broadening effects produced by the finite acceptance angle of the
spectrometer (19). Here measurements of autoionization electrons from helium
projectiles in collisions of 50-500 keV He ions with He target atoms at 0' ob-
servation angle are
reported (24).
Lines attribut~dlto -s.,L -. ,

the stases (2s 2 )1 S, ,
(2s2p) P, (2p ) 0" "
and (2s2p) P were "
measured with high

resolution (24).

An important
advantage of using
He ions is that the

autoionizing states t I.
of the projectile -. . .-- - -
can be created sole- ,
ly by transfer- 

2;

excitation (TE)
processes. Further- , '
more, it is of in- P A

terest to note that o - - o
the Te process may ,i . a "

interfere with the E , , E,,

electron capture-
to-the-continuum Fig. 9 Autoionization spectra from He projec-
(ECC) process, tile ions excited in collisions with He (CM
since both result energy) (24).
in the same final
state, 2 i.e.
He+(Is S) + e(27). TE cross sections may reveal peak structures at some
specific impact energy, since electron correlation effects are known to be
relatively strong in He atoms. Clearly, these features may be different for
different excited states as predicted by related theoretical calculations
(28-30).
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The autoionization spectra in the projectile rest frame are shown in

Fig. 9 Fxhibiting the excited states (2s 
2
) 1S, (2s2p) 3P, (2p 2) ID, and

(2s2p) P. The line shapes of thT singlet peaks are generally symmetric,
while those of the state (2s2p) P show increasing asymmetry (Fano profile)
with increasing impact energy.

This Fano profile is caused by an interference between electrons ejected
through the TE process and the electron cap*ure-to-the-continuum (ECC) pro-
cess. It is interesting to note that this mechanism is essentially different
from that studied previously for t:,= case of He as a target atom (31). In

that case, interference takes place between autoionization following double
electron excitation and direct ionization of a single electron.

The intensities of the spectral lines were obtained by a fitting proce-
dure using a Lorentzian or a Fano line profile folded with the Gaussian-like
spectrometer response function.

The TE cross sections for the four lines and the total of cross sections
are shown in Fig. 10 as a function of the impact energy of the He

+ 
ions.

The cross sections of the Jp state have a maximum at about 150 keV and
decrease monotonically as the impact energy increases. A similar monotonic
decreape is observed for the singlet
.ate P of the 2s2p con- Total He+He

tions for the 1productionof the (2s ) S state have

a peak at around 150 keV
and decrease more rapidly lp.

than those of the
(2s2p)

1
,3p states with P .

increasing impact energy. 
- '  

'.N A

00

The productio 0  e- N

haviour of the (2p D0. ,.
state is found to be en--
tirely different from that '
of the other states. The P
cross section decreases \
to a minimum value at 200 10"

keV and then forms a broad
peak between 300- and 400
keV. The origin of this
peak structure is not
clear at present. A pos- 0 100 200 300 400 S0
sible interpretation may Projectie Energy(keY)
be given within the frame-
work of the RTE model of Fig. 10 Absolute excitation
Tanis et al. (30). cross sections deduced from

the lines in Fig. 9 (24).

The projectile electron is, in general, excited by the screened target
nucleus while the target electron is captured by the projectile. This process

is referred to as nonresonant transfer excitation (NTE). The electron capture
and excitation are initiated by electron-nucleus interaction and they occur
independently. Thus, the NTE probability is expected to be proportional to the
product of the two related excitation probabilites (32). For He

+ + He colli-
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sions, it has been reported that the cross sections of electron capture into
both the 2s and 2p states exhibit the same energy dependence in the present
energy region (33, 34).

Transfer excitation may also occur resonantly (RTE) when the projectile
electron is excited by the captured electron through electron-electron inter-
action and subsequently released byautoionization. This process is analogous
to the well-known resonant electron scattering process forming doubly excited
states. The peak position for such a correlated two-electron process is in
principle higher than that of the noncorrelated NTE process. In the present
collision systems the RTE peak is expected at the impact energy of about 300
keV (35 ,1 which is roughly in agreement with the present result observed for
the (2p ) D state. The peak width of the RTE depends on the momentum distri-
bution (Compton profile) of the initial target electron and is kinematically
stretched in the laboratory frame. The width is estimated to be about 400 keV
which is also in good agreement with th? experimental results. Thus it can be
assumed that the peak structure in the D excitation cross section is attri-
buted to RTEI and that contributions from NTE are negligible for the produc-
tion of the D state in this energy region. However, other processes like in-
terference between the 'P and 10 states (38) may also cause a cross section
maximum as observed.

6. LOW LYING AUTOIONIZING STATES IN Li- AND C-PROJECTILE IONS

As pointed out above zero-degree electron spectroscopy of projectile ions
allows to study autoionizing transitions with very low transition energies
from neutral or negative ions. Such ions are of fundamental importance in fu-
sion research and reflect strong electron-electron correlation effects, which
require and are testing many-body theoretical calculations. First, spectra of
low energy electrons (<2 eV) following the decay of low-lying autoionizing
states formed in gas (He, CH4, Ne, Ar) or C-foil collisions with Li- and
C-ions (100-500 keV) are shown in Fig. 11.

The inserted spectra indicate peaks in the vicinity of the high energy
cusp tails after background subtraction and transformation into the center of
mass system. In the Li spectrum three sharp lines occur below 1 eV which most
likely item fr?(l3autoionizigg rfnsitioys in neutral Li and possibly in
Li--(ls 2s2p) . P and (2s 2p ) D and S initial states. We also note that
the structures 2 between one and two eV may arise from doubly excited states in
Li- such as Is nln'y' with n and nl>3.Principally also high Rydberg states

-o~ bj

M n g V) m-Energy (eV)

UIh kv I"o %

2'2

14 20 26 32 3 20 30 40 50

Electron Energy (eV)Fig. 11 Spectra of low-lying autoionization lines (<I eV in C.M. sys-
tem) from 400 keV excited Li(a) and C(b) ions (500 keV).
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associated with doubly excited levels in Li+ (nln'l'), Li (lsntn'1') and
triply excited Li (nn't'n"X") states may contribute to the observed spectrum.

A similar tentative interpretation is assumed for the carbon autoioni-
zation structures .(Fig. 11). A very intense2 lie centered at 0.25 eV may
result from C Is 2sZ n.n'X' (n,n'>2) or C- Is 2s 2pnXn'X' (n,n'>2) initial
configurations. Theoretical transition energies are urgently needed for the
data interpretation.

7. CONCLUSION

In conclusion, the method of zero-degree Auger spectroscopy for electrons
from fast projectile ions was found to have various advantageous features.
Line broadening effects are strongly reduced so that high-resolution spectros-
copy is possible for electrons from fast projectiles. The transformation of
the Auger spectra from the laboratory to the projectile rest frame yield ener-
gies of the projectile and the Auger electrons with relatively high accuracy.
Moreover, the use of light target atoms allows the excitation of a few dis-
tinct states. Thus, problems are avoided concerning line blending which often
inhibits the detailed analysis of Auger spectra produced in heavy ion-atom
collisions. The observed peaks are characteristic for the projectile charge
state which nay readily be varied in the experiments. Consequently it is pos-
sible to obtain selective information about Auger transitions and individual
excitation processes including electron-electron interaction in ion-atom col-
lisions.

This report is dedicated to Markus, Christian and Christa.
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SPECTROSCOPY OF HYDROGENLIKE AND HELIUMLIKE KRYPTON IONS

Jean Pierre BRIAND

Universit6 P&M Curie*, Institut Curie Section de Physique et Chimie
11, rue Pierre et Marie Curie, F-75231 Paris Cedex 05

Hydrogenlike and heliumlike krypton ion beams have been prepared for the
first time. The characteristic x rays emitted by these ions as well as the
lifetimes of the excited levels have been precisely measured. These experi-
ments have provided some checks on QED (Lamb shift, diamagnetic effect of
spin-orbit), and on three-body relativistic theory in the heaviest ions
available at present.

1. INTRODUCTION

We shall report in this talk on a series of experiments on hydrogenlike and
helitunlike krypton ion beams. These beams have been produced with the two big
heavy ion accelerators of the european community : the UNILAC at GSI Darmstadt
(FRG) and the GANIL at Caen (France). The experiments have been carried out by
the following international collaborations

European community
P. Indelicato, P. Charles, M. Tavernier, V. San Vicente, 0. Gorceix,
J.P. Briand (Universit6 P&M Curie)
D. Liesen, H. Beyer, F. Bosch (GSI Darmstadt)
J.P. Desclaux (CEN Grenoble)
U.S.A.
R. Marrus (University of California Berkeley)
P. Richard (Kansas State University).
The aim of the experiments was the investigation on some QED or relativity

effects in the strongest available fields, i.e. in the heaviest few electron
ions.

Till 1982, the maximum energy delivered by the heavy ion accelerators was of
the order of 10 MeV/amu. With such an energy, it was not possible to prepare
fully stripped ion beams for elements of atomic numbers larger than Zs26 (1).
In the past few years, some new machines have been developed which have provided
more energetic ions : the BEVALAC at Berkeley accelerating ions up to I GeV/amu,
the UNILAC at Darmstadt whose energy has been upgraded to 20 MeV/amu, and the
GANIL at energies up to 100 MeV/amu. It is now possible with the BEVALAC to
prepare fully stripped uranium beams. These ion beams of relatively small inten-
sity have been used, up to now, mainly for collision studies as reported in some
talks in this conference. We shall mainly concentrate here on the ion beams
delivered by the UNILAC and the GANIL which provided, for the first time, with a
large intensity, fully stripped krypton ions (and very lately xenon ions),
allowing accurate spectroscopic studies. We shall successively describe how to
produce those ion beams and how to measure their unknown atomic properties such
as energy losses, charge state distributions in thin foils, excitation mechanisms,
and the experimental results on the decay of hydrogenlike and heliumlike ions.
These experiments, being the first ones performed at the GANIL in the field of
atomic physics, we shall begin with a brief description of this newly opened
facility.
* Unite associ~e au CNRS 040771

Work supported by NATO Grant No.RG252.80
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2. THE GANIL HEAVY ION FACILITY

The GANIL (Grand Acc&l~rateur National d'Ions Lourds), located in the vicin-
ity of Caen, delivered the first ion beam in the beginning of 1983. The machine
has been operational since 1984. The first experiment in atomic physics using
the GANIL, which is presented here, was carried out in June 1984. Originally the
GANIL was built for the study of nuclear reactions, but 10% of the beam time
could be used for solid state physics or atomic physics.

The GANIL is composed of two identical sector cyclotrons. The first one accel-
erates ions up to energies of 3 to 6 MeV/amu. The ions after being stripped and
charge selected are injected into the second one, working with different har-
monics, and reaccelerated up to energies ranging between 10 and 100 MeV/amu
(Figure 1).

E MeV/amu

100

90

80

70

60 - GANIL max (ECR)

50 - GANIL mini (PIG)

40.

30

20 UNILAC

10

0 10 20 30 40 50 60 70 80 90 100 Z

FIGURE 1
Maximum energies delivered by the UNILAC and the GANIL

After being accelerated, the ions are passed through a particle selector (the
so-called a spectrometer) in order to be monochromatized up to a precision of
10-'. The ions are then distributed into various dedicated caves of the experi-
mental area. As seen in figure 1, the main characteristic of the GANIL is its
ability to accelerate ions of medium mass elements up to energies of 10 to 40
MeV/amu depending on the ion source used. The heaviest ion beam prepared so far
is a krypton beam of 36 MeV/amu, with typical intensities of the order of 100 nA.
As discussed in the next section, this energy allows the production, with quite
a large intensity, of fully stripped krypton ions.

The LISE (Ligne d'Ions Super Epluchds : beam line of highly stripped ions) is
a specially dedicated cave for atomic physics studies (Figure 2).

The aim of this device is to provide the charge state separation of the most
energetic ion beam. It is made of two identical dipole magnets and a series of
quadrupoles. The ions after being stripped are dispersed in charge in the first
magnet. A given charge state is then selected and sent into the second dipole
magnet in order to tune a perfectly achromatic beam. The completely automatized
spectrometer allows the preparation of very well defined ion beams of any charge
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GANIL

stripper

di poles
selected charge-_, ion beam

QI poes slit \

dispersion
of various Q poles
charge states Q poles

FIGURE 2
Schematic of the dedicated highly stripped ion beam facility

for atomic physics at the GANIL : LISE

state. It also allows an easy study of charge state distributions and energy
losses as described in the next two sections.

3. CHARGE STATE DISTRIBUTIONS

The charge state distributions, even if predicted by semi empirical formulae,
are not known for krypton ions at such high energies. At 18 MeV/amu, at the
UNILAC, the charge state distribution observed after passing the beam through
carbons foils of various thicknesses is presented in figure 3. As it can be seen
only a very small fraction of the incident beam (less than 1') is fully stripped.
We observed the first hydrogenlike and heliumlike ions in these experimental
conditions (2), but could not study the hydrogenlike ions for the production of
which the GANIL energies were needed.

Some of the charge state distributions obtained at 36 MeV/amu are shown in
figure 4. The observed distributions for foils of various natures and thick-
nesses are close from those predicted by Betz like formula (see arrows on the
right side of figure 5).

In conclusion, the fully stripped fraction of the beam is only reached for
very thick targets (6 mg/cm

2
). This will obviously constitute a serious limi-

tation for the spectroscopic studies of krypton because of great angular and
energy stragglings in such targets. This leads to pessimistic predictions for
the study of xenon beams. In figure 5, the charge state of the beam for various
foils of different thicknesses is compared to a semi empirical formula developed
by San Vicente (3).

4. ENERGY LOSSES

As it will be pointed out in section 5, the energy of the ion beam for accu-
rate x-ray measurements must be precisely known. This calibration is easily

obtained at the GANIL with the use of the a spectrometer (AE/E - 10"'). In the
experiments described in section 6, the beam is passed through two thick targets
(stripping and dressing foils). This provides quite a large energy straggling
and a change in the mean energy of the beam that cannot be predicted by extra-
polations of the present data. We have made, using the LISE spectrometer, some
measurements of these energy losses. The technique consists of looking with a
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Charge state distributions of 18 MeV/ Charge state distributions of 35 MeV/
amu krypton ions (UNILAC) amu krypton ions (GANIL)

position sensitive detector at the angular dispersion of the ions in the first
dipole of the LISE. We present in figure 6 some of the experimental results
which are compared to the predictions of the Fleury's Table (4). The measured
values do not differ, except perhaps in one of the cases, from the Fleury's pre-
dictions. The precision of the energy losses, reached in the experiments, is of
the order of 10%, a point that will be discussed later.

5. EXCITATION MECHANISMS

The last point to discuss before starting an experiment istheexcitation mech-
anisms. At energies of the order of 10 MeV/amu the excitation of the projectile
is mainly due to electron capture via charge exchange with the target. The excit-
ation of the hydrogenlike ions is, for instance, obtained when passing the beam
of bare nucleus through a carbon foil (the dressing one) in which the ion picks
up an electron in the n=2 or n=3 state. At energies of the order of 36 MeV/amu
the charge exchange cross section, decreasing like E'

5 
,is very small and there-

fore it is difficult to excite the beam (1% of the ions is excited with a
36 MeV/amu krypton ion oeam when 100% of an iron one can be excited at an energy
of 10 MeV/amu). Another mechanism of importance at those high energies is the
Coulomb excitation whose cross section, while small, scales only very slowly
with the particle energy. Should the process be found important, we would have
used, instead of bare ion beam to produce excited hydrogenlike ions, the
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krypton ions at 36 MeV/amu in different targets

hydrogenlike incident ions to be excited in the second foil. We have carried out
a series of experiments looking, with a SiLi detector located just in front of
the dressing foil, at the characteristic peaks of hydrogenlike and heliumlike
ions. Some of the most typical results obtained are presented in figure 7.

The relative x-ray yields, in the same dressing foil, obtained with three
different beams having different charge state distributions, are shown in the
above figure. One can see the relative yields for hydrogenlike and heliumlike
ions changing dramatically with the nature of the incident beam. A careful study
of the quantitative data obtained in this experiment leads to the conclusion
that at 36 MeV/amu the dominant pi-6ess is still the cdpture but the excitation
mechanism may not be neglected.
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6. THE STUDY OF HYDROGENLIKE IONS

One of the main purposes of the experiments was to check fundamental theories
in physics. The most precise check can, in principle, be made using two-body
systems (hydrogenlike ions) for which exact calculations are possible. Because
all relativistic and QED effects scale like Z4 , it is interesting to study the
hydrogenlike ions of the highest nuclear charge. The first one was studied in
1982 (1). So far the hydrogenlike chlorine and argon ions have been studied
using different techniques. For the krypton ions, the technique used is similar
to that described in (1). The principle of the experiment is to measure the
energy of the characteristic x rays emitted in flight by the ions and to compare
them to x-ray stand;rd pro"ided by a conventional x-ray tube linked to the
ground (Figure 8).

grid X-ray tube I grid
a stripper

collimator s-- slit

0

Si220 crystal

position IA\ I  
/

Seositise 2O' :
detector -". - -

circular track

FIGURE 8
Schematic of the experimental set-up

The major difficulty in this kind of experiment is to get rid of the huge
Doppler aberrations. Very precise angular measurements of the x-ray and ion
beam directions ( 10"d') are necessary as well as accurate measurements of the
ion velocity (technical information on the experimental procedure can be found
in (5)). All previously described techniques have been improved in this experi-
ment and a precision of 20 to 40 ppm on the absolute transition energy can be
obtained. As seen in sectio.n 4, the main contribution to the experimental error
bar is the uncertainty on the energy losses in the foils.

The first aim of the experiment was to measure the (Is) Lamb shift of the
hydrogenlike krypton ion. The principle is simple and consists, as explained in
figure 9, of comparing the experimental energy of the Lyman a (n=2 - n=1 tran-
sition) with the value predicted by the Dirac equation. A typical spectrum of
the Lyman a lines of hydrogenlike krypton is presented in figure 10. The experi-
mental values (see Figure 9) have been found in very good agreement with theory
(within a few ppm). It constitutes for the moment the most accurate measurement
of the (is) Lamb shift for the heaviest hydrogenlike ions.

The measurement of the spin-orbit splitting is another illustration of the
interest of the study of hydrogenlike ions. The spin-orbit splitting is calcu-
lated in the text books from the perturbation theory using the well known formula
of the spin-orbit energy in classical electrodynamics w - 4 , where vi is the
magnetic moment of the electron and B the magnetic field induced by its rotation.
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FIGURE 9
Measurement of the (is) Lamb shift

Then using the correspondence principle and the perturbation theory, one can
easily derive the formula

AE - 1 m C2.
-~ 0 c

This calculation is however an approximation, not only because it is a pertur-
bative method, but also because the classical w = - v t formula neglects the
diamagnetic effect, i.e. the reaction of the electron magnetic moment to its
orbit.

In principle, the exact value of the spin-orbit coupling is, we believe,
given by the Dirac equation which included all corrections at all orders. This
assumption has however never been checked. In the case of hydrogenlike atoms, for
which the spin-orbit energy has been measured with the greatest accuracy (10 ppm)
this energy difference between the Dirac value and the corrected Schr6dinger's
one is much smaller (<< 1 ppm) and cannot be measured. In the case of hydrogen-
like ions, owing to the Z' scaling law for the spin-orbit energy, the energy
now becomes measurable as it is shown in figure 11. Therefore it is now possible
to observe the reaction effect of the Dirac relativistic theory and, for the
first time, the diamagnetic effect of the spin-orbit.
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7. THE HELIUMLIKE IONS

The major interest of the study of heliumlike ions is that of the most ele-
mentary three-body system in which the relativistic theory can be checked. In
the non-relativistic case, the heliumlike ion energy is the sum of the Schrddin-
ger eigenvalues for the electrons in the field of the nucleus plus the repulsive
energy between the two electrons, i.e. the expectation value of < I >. This term

rcan be now calculated with a precision larger than that of experimental ones.
In the relativistic case, the electron energy in the field of the nucleus is

given by the Dirac eouation. In the calculation of the electron-electron inter-
action energy, all relativistic effects such as the spin-spin interaction
retardation effect must be taken into consideration. It is the Breit term. In
the calculation of this term, some of the contributions can be evaluated accu-
rately and some others be neglected, but a few ones are absolutely unknown. A
point that we would like to discuss.

Those terms scaling like Z or 7Z
' 
have, in the case of helium atoms, a negli-

gible value, but play a great role for very heavy elements such uranium where
they can reach 10 to 30 eV. Among the relativistic or QED corrections that have
to be taken into account, two of them play an important part : the magnetic
correlation effect and the three-body QED effect (all the others, as described
in figure 12, are very small and can easily be calculated). The magnetic cor-
relations effect, calculated for the first time by fpsclaux (10), is the instan-
taneous effect in the magnetic spin-spin interaction between the two electrons
(it is the relativistic counterpart of the electrostatic correlation effect). It
has been calculated using the configuration interaction technique based on Dirac
Fock results. This effect is, in the case of krypton as shown in figure 12, at
present larger than the experimental error bar. The second term is the value of
the (Is) Lamb shift in presence of a second (Is) electron. There is, so far, no
method to calculate in a straightforward way this three-body effect. The
"simplest" one, used at present, is the screening technique. As listed in
figure 12 the correction is larger than the experimental error bar. The sum of
both terms is found for the moment in reasonable agreement, at least for one of
the two major components of the Lyman t spectrum of the heliumlike ion. Both
terms scaling differently with Z, it is necessary to make some measurements on
heavier systems to ckeck completely the three-body relativistic theory.

Dirac-Fock 13 051.88 eV

Breit > - 15.63

retarddtion 0.39

electrostatic correlation 1.13

l ion 0.64

on)0.16) oritted

0.085

Lamb shift 11.61

i3-ody QED08 ('0.6)

total 13 026.75

ewrm,t C 20 Ppg) 13 026.89 -. 25

FIGURE 12
Energy of the (ls)(2p) 

1
P, * (is), 'So transition of heliumlike krypton ions
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8. MEASUREMENTS OF THE LIFETIMES OF HELIUMLIKE IONS

The last point to be presented is the measurement of the lifetimes of most
of the metastable levels of heliumlike ions. This experiment was first perfurmed
at the GANIL last year, and again two months ago at the UNILAC. The interest of
this kind of experiment was to ckeck, also for the first time, relativistic
corrections (namely the relativistic part in the two-photon decay) for the
oscillator strengths.

Figure 13 shows the typical energy scheme of the (Is)(2s) state of a helium-
like ion. All levels can decay radiatively to the ground state, directly or by
cascades. Some others are metastable. Among them are the (ls)(2s) states. The
'So state can decay only to the ground state via a two-photon transition. This
process was first observed in 1970 by Schmieder and Marrus (11).

faSL
Ip decay I

( I s ) ( 2 p3

3p f 3pi p -1.6 1s
-

(l 3 P 0 izI 9I is) 2s)

EILy,, EI*Ly,, M M 2EI

__________________ 1S. (is /

FIGURE 13
Decay scheme of heliumlike krypton ions

The S can also decay to the ground state via a 2E1 transition but also via a
Ml one. Due to correlation effects, thi, decav is slowed down with respect to
the 'So one, but the Ml transition, whose contribution is negligible for light
elements and scales like Z'O, is getting, for the first time, appreciable for
krypton ions.

Among the (Is)(2p) levels which are metastable are the 'P, and 'PO ones. The
first level mainly decays to the 3P, state for light elements. For heavy elements
it chiefly decays directly to the ground state via a M2 transition. The 'P,
level decays only to the 3S, and subsequently to the ground state (its lifetime
is very long according to its small energy). These lifetimes have been measured
using a conventional time-of-flight new device allowing the determination of
lifetimes of the order of 10-1s. The detector used to observe the two-photon
continuous spectrum, the magnetic dipole (Ml) or the magnetic quadrupole tran-
sition is a SiLi detector facing downstream after the foil. The main advantage
of such an experiment was to become sensible, namely in the case of the two-
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photon decay, to the relativistic effects. We present in figure 14 one of the
most typical results obtained in this experiment for the lifetime by two-photon
decay. The results, still under study, are in close agreement with recent
theory. In the case of decays of two photons, it is then possible to check for
the first time the validity of the relativistic theory k12).

non-relativistic relativistic experiment*
theory theory

3.19 10"s 3.357 10-"s 3.4 10-11s

FIGURE 14
Lifetime of the 'S0 state (2E1 decay)

preliminary resuIlt
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DISSOCIATION OF H2 PRODUCTS OF ELECTRON CAPTURE

D.P. de BRUIJN

FOM-Institute for Atomic and Molecular Physics, Kruislaan 407,
1098 SJ Amsterdam, The Netherlands

With the use of a position- and time-sensitive two-particle-detector it has
become possible to perform detailed experiments on dissociations in a fast
beam which produces two neutral fragments. In measurements of the dissocia-
tive charge exchange of H2 with various target atoms the charge exchange
process as well as the dissociative mechanisms in the H2 molecule are
investigated.

1. INTRODUCTION

In collisions of keV H* ions with atomic or molecular targets H2 molecules
as well as H', H and H_ fragments are produced. The interest in these processes
is fundamental anid practical: because H is the simplest molecule it is acces-
sable for accurate collision theories and next to it empirical knowledge about
collisions of hydrogen molecules is important in fusion research and astrophy-
sics. It was already established in one of the earlier experiments (1) that in
collisions of H with H2 , the production of H-H pairs through Dissociative
Charge Exchange (DCE) is the dominant reaction in the keV range with cross sec-
tions exceeding 10-16 cm2 . Nevertheless this process has not yet been the sub-
ject of many detailed experiments because of the lack of an appropriate experi-
mental technique, in contrast to dissociations which deliver a charged fragment.

1.1. Experiments
Many scattering experiments have been devoted to the measurement of the to-

tal and differential cross sections of the DCE of H+ with various targets (1-4)
(and references therein). Since the angular distribution of H-fragments is a
convolution of the released kinetic energy (J) and the center of mass recoil
angle (0) it is difficult to extract information on the H2 states involved.
McClure (1) concluded that probably the direct exchange into the repulsive b3z'
state (see fig. 2) is the dominant channel in the DCE of H with H2 . From other
experiments (5-7), in which the appearance of excited H-atoms was observed, pre-
dissociations of highly excited H2 molecules was inferred. Recently Gellene et
al. (8) performed a combined study of "neutral beam profiles" and fluorescence
after collisions of H2 with several metal vapor targets. Radiative dissociation
from the a3 Eu state to the repulsive b3Z, state was identified through molecu-
lar b -a fluorescence.

The first experiments in which the released kinetic energy (, ) was directly
measured were performed by Meierjohann and Vogler (9,10). They used two channel-
trons to detect the Flight Time Difference (FTD) of correlated H-H pairs after
charge exchange of H.2 with H2 and noble gas targets. As a new channel the pre-
dissociation of the c3 Hu state, and tentatively also of the e3Z+ state, was ob-
served. Very recently another technique was used by Peterson and Bae (11) in
which also is measured but with a low resolution. Neutral products of charge
exchange collisions with Cs are converted into negative ions in a second colli-
sion and the kinetic energy distribution is measured with an electrostatic ana-
lyzer.

Our experimental method (12), described in section 2, can be seen as an ex-
tension of the FTD technique. Besides the FTD (C) simultaneously the mutual dis-
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tance (R) of the fragments is measured over the whole solid angle in which frag-
ments are scattered. Measurements on the DCE of H2, differential in C and 0 and
with a high resolution, are performed with a whole range of targets. From these
experiments all important channels could be studied in detail.

DETECTOR

DISSOCIATION FRA - -.. . "
PRIMARY V1-1o ---

-
-... R

2.5-10 keV L1 V2...

FIGURE I
ExpetimentaTE method fop Ttansfationae Spec ttosc opy. Both fragments are detected
in detayed coikcidence on a channeeptate detectoi.

2. EXPERIMENTAL METHOD

Figure I gives a schematic drawing of the experimental method (12). Both
fragments are detected in delayed coincidence on a time- and position-sensitive
double detector, based on micro channel plates. The released kinetic energy ,
and the c.m. recoil angle a can be calculated directly, for every event, from
the measured mutual distance R and the flight time difference , as:

= (Eo/412)[(Vo-)2 +R2  Cm1 (M m2 ) (P)

0= arctan(R/v0T) (2)

In (1) and (2) 1 denotes the flight length from the dissuciation to the detec-
tor, which has to be fixed, and E0 and vo are respectively the energy and the
velocity of the primary beam. The resolution in _ is typically 0.5%, the best
absolute energy resolution observed so far is 3 meV. It will be clear that this
method is very suitable to study DCE since the charge state of the fragments is
of no importance. Because both fragments are detected even the scattering of
the whole, dissociating, molecule in the charge exchange collision can be mea-
sured (13).

3. DISSOCIATIVE PROCESSES IN H2 AFTER CHARGE EXCHANGE

In figure 2 the potential curves cf the H states which are found to be im-
portant in the DCE of H+ are drawn. Four different channels ("a"-"d") are indi-
cated in this figure as well as in the "typical" spectrum of figure 3. Among
these are all three possible mechanisms for dissociation: i) direct dissocia-
tion -process "b", direct Charge Exchange (CE) to the repulsive b-state,
ii) radiative dissociation - process "a", CE to the bound a-state which decays
radiatively to the b-state and iii) predissociation - processes "c" and "d". In
figure 2 also the ionization potentials of the different targets are indicated
by vertical dashed arrows at the left.

Already from the realization that NRCE is the dominant mechanism and that the
use of the Franck Condon principle is justified in the charge exchange processes
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discussed here, one gets a reasonable qualitative explanation of the results.
Next to it the collision velocity Va. where the maximum cross section for CE
is reached can be found from the Demkov model (14,15). For the atom-atom case
with a fixed resonance energy defect Al (fixed internuclear distance in a mole-
cule) holds, with 1 being a parameter on the order of the dimension of the
atoms:

(JAI I I)/ (h vmax ; (3)

Summarizing this means that in the potential diagram of fig. 2 CE takes place
vertically (FC principle) to states which are "chosen" by the target to give a
low Al (NRCE). If Al is larger than 1-2 eV large cross sections will first be
reached at a collision energy of roughly 10 keV (Demkov).

More detailed theoretical calculations on charge exchange of motecuta ions
are very scarce and mainly deal with non dissociative CE in symmetrical systems
such as H2+H 2 (16,17). Sidis and de Bruijn (18) have recently published a semi-
classical theory on NRCE of molecular ion+ atom collisions, differential to the
internal parameters of the molecule including its orientation. Calculations are
presented for several (coupled) dissociative channels in the charge exchange of
H2 with Mg atoms. Good agreement was obtained with the experimental results of
de Bruijn et al. (13).

3.1. Experimental results
Since NRCE is the dominant mechanism one observes with a Cs target (fig. 3)

mainly processes "a" and "c" which are almost resonant for all vibrational le-
vels. One expects roughly equal populations of the a- and c-states after the
collision (18) as a result of the long range sharing process after these states
havt been mixed to (2so9±2pTu) hybrid states during the collision under the
Stark effect of the target ion. Moreover processes "a" and "c" are enhanced for
all targets because the resonance energy defect is reduced for the lowermost
hybrid (18,19).

c-spectra are given in fig. 4 for targets with ionization potentials ranging
from 3.9 eV (Cs) to 15.8 eV (Ar) and several beam energies for a Mg target. For
alkali targets it is indeed observed that processes "a" and "c" are roughly
equally strong, presuming the continuum to consist mainly of process "a". This
could be checked by measuring the deflection of the whole molecule, which is
larger for the nonresonant process "b", and by experiments with vibrationally
selected beams. The peaks at low c of process "d" are only clearly observed
with a Cs target, for Na the resonance energy defect Al is almost 4 eV (fig. 1)
and the contribution has become very small. In general NRCE of H2 is observed
to give high cross sections until Al is about 2 eV. This means that for an Ar
target NRCE to a dissociative state will be weak. The smallest Al's are found
for process "b" at large internuclear distances resulting in very low C's as
observed. Neither for the alkali nor for an Ar target the E-spectra changed
very much over our energy range of 1.5- 7 keV in agreement with the Demkov
model.

With a Mg target a strong dependance of the E-spectra for the DCE of H2 on
the beam energy is observed (fig. 4). For the lowest energy (1.5 keV) the spec-
trum is dominated by the tuonant charge exchange from H2, v= 0 to the b-state,
calculated to have a cross section exceeding 10-14 cm-1 (18). Going to higher
beam energies the cross section for v=O decreases, according to eq.(3), while
the cross section for higher vibrations increases resulting in a lowering and
broadening of the observed continuum. At the same time the cross section for the
processes "a" and "c" increases, NRCE is possible because the real AI is lower
than the asymptotic value of 4 eV because of the Stark effect mentioned before.
Process "a" manifests itself as a maximum around = 2 eV for E> 5 keV, the
fluorescence is most likely around the outer turning point because the cross
section increases with 3 (20).
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4. PREDISSOCIATIONS IN H2

4.1. Predissociations to the first dissociation limit H(s) +H(Is).
Predissociations producing two ground state H-atoms will have an f larger

than 6.5 eV because the first bound level lies this high above the first dis-
sociation limit. For all targets the observed structure could be fully descri-
bed as the vibrational series of the c

3nu state (predissociating to the b
3E+

state) (21), excluding other predissociations such as the e
3E+ state. From a

computer convolution procedure the populations and partially also the lifetimes
of rovibrational levels could be deduced. The lifetime before predissociation
produces an exponential tail towards lower E's because the flight length 1 is
shortened. The lifetime of the v=0, N= 1 level is found to be 6.2 ns, in good
agreement with theoretical calculations (22). The most striking conclusion from
the measured populations is the strong rotational excitation during the charge
exchange collision, especially for higher vibrational levels and increasing con-
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siderably with AI for different targets.
Knowledge on the behaviour of the c3f1u state is important not only because

it is a triplet state but also because it is the only metastable state inH 2 .
Of every rotational level one of the A components, together forming the IR
state, is metastable (23,24) while the other components (the IT+ state) is al-
lowed to predissociate. We have used the II state, with all vibrations popula-
ted in CE, in photodissociation studies of higher lying triplet (gerade) states
(25) as will be presented at this symposium by H. Helm.

4.2. Predissociations to higher dissociation limits.
The predissociative peaks at low c's, mainly observed with a Cs target, show

a clear limit at 1.9 eV characteristic for dissociations into H(ls)+ H(21). Fi-
gure 5 shows a part of the rotationally resolved (!) spectrum with the assign-
ments to three electronic states, indeed all dissociating into H(Is) +H(21). No
evidence was found for predissociations of higher lying Rydberg states, in
agreement with the expectation that these states will be only very weakly popu-
lated in NRCE. The peaks below 0.35 eV which are unassigned in fig.5 are due to
predissociations of quasibound levels of states with a potential barrier, con-
verging to the second dissociation limit.

One of the remarkable results of these experiments is the predissociation of
the JIA state of which only the t+ components are observed (by performing mea-
suremengs with pure para hydrogen, see fig. 5). According to Kronigs selection
rules a A state has to predissociate here to a Rl state (the 111 state) and this
would be allowed also for the A- components.

3d 3Flu
v=4. 5 6 7 8

: 4 5 Q 6 7 86-1 ;1 Jl J =J

FIGURE 5
Prdseain to the second dissaocation Z-imzt od H2 after the XCE of H+2
w~th Ca at 2.5 !zeV. The uppvr spectrum is4 made w t pwre papaw hydrtogen while
the towe sapectum is obta-~ed through sbtactiLon of the pa/ta spect'wn fr~om aSpect' um with ntwL hqtdrogen (5% outhol.
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5. ORIENTATIONAL OSCILLATIONS

The measured anisotropy of the DCE (13) of H+ will not be discussed in this
progress report except for one extraordinary feature: the orientational oscil-
lations, which are just visible in the overall spectrum of fig. 3, on the low
enersy tails cf the vibrational peaks of process "c". These oscillations are
not due to an experimental artifact, they differ with the target gas chosen and
are best seen with a Cs target. As expected for an interference effect the fre-
quency of the peaks is observed to depend on the collision velocity as 1/v. It
seems obvious to describe the oscillations to process "c", also because they
appeared even stronger on the v= 0 tail when the "background" of other proces-
ses around c=7 eV was removed by using a vibrationally selected v=0 beam. In
this explanation, however, one runs into a paradox.

As explained in section 4.1 the low energy tails of the vibrational peaks of
process "c" are formed by predissociations occurring after the collision cham-
ber of especially the lowest rotational level (N =1) which has the longest life-
time. Certainly these molecules will be in a well defined quantum mechanical
eigenstate in which the orientational distribution of the internuclear axis is
described by low order spherical harmonics. A distribution with at least 3 ma-
xima (at 29, 50 and 66 degrees at 5 keV) as observed, is impossible in these
eigenstates. If the charge exchange transition produces an oscillatory orienta-
tional distribution, the dissociation has to be immediate or very high rotatio-
nal levels have to be populated in a predissociative state to make the distribu-
tion (or one of comparable complexity in the last case) observable.
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PHOTODISSOCIATION AND PHOTOLONIZATION IN TRIPLET MOLECULAR HYDROGEN

Hanspeter HELM

Molecular Physics Department

SRI International, Menlo Park, CA 94025

A progress report on recent studies of dissociation and ionization pro-

cesses in triplet molecular hydrogen is given with specific emphasis on

experiments in fast molecular beams of H2c
3

u- using photofragment and

photoionization spectroscopy.

INTRODUCTiON

Using metastable molecular hydrogen as an example, we describe three novel

experiments in which fast beams of neutral molecules have been employed to

study intecactions of excited molecules with their dissociation and autoioni-

zation continua. We discuss the background of metastable molecular hydrogen,

its application to fast-beam experiments and excitation studies of high-lying
dissociative, autoionized, and field-ionized states of triplet hydrogen.

HETASTABLE MOLECULAR HYDROGEN

The partial metastability of H2 c 3u, was first detected by Lichten in a

molecular beam magnetic resonance device using RF resonance spectroscopy. The

decay mechanisas, lifetimes, fine structure, and hyperfine structure of the

c-state have been subject of numerous experimental and theoretical investiga-
tions.

I-
l
0 

The bound c-state correlates to the first excited state dissocia-

tion limit and lies in the continuum of the repulsive b3 s the lowest
Z state, telws

electronic triplet state of H2 .

Rotational coupling connects the 2pz orbital of the c-state with the 2po

orbital of the b-state, giving rise to predissociation. The doubly degenerate

fl state consists of two components with parities (-,)N and (-I)
N
+ respec-

tively, where N is the total orbital and rotational angular momentum quantum

nu er.11 The b-state on the other hand, being t+, has only levels with

parity (_,)N
. 

In predissociation both N and paritL are conserved. Hence,

only tile component of the R state with parity (-I) succumbs to rotational

coupling to the b-state. This predissociation is observed
9 

and calculatedl
0

to be rapid (6ns for v-O). The component of the R state with parity (-I)N+l

remains unaffected by this predissociation and is long lived.
1 

With respect

to reflection in a plane containing the rotating nuclei the electronic wave-

function of the metastable component of the R state behaves antisymmetrically
and may therefore be designated as IQ

The parity argument above is closely related to the nuclear exchange

restrictions that appear in the homonuclear case. For the normal hydrogen
isotope the c3[lu- rotational levels exist alternatively in either parahydrogen

(even N) or orthohydrogen (odd N). The nuclear exchange operation on [u- is
equivalent to a parity operation (in the laboratory frame) followed by an
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inversion of the electron coordinates in the molecule fixed frame. Due to the

ungerade character of the c-state the latter is antisymmetric. Hence rota-

tional levels of c
3 j- with even N are symmetric with respect to an exchange

of the nuclei, while levels with N odd are antisymmetric. As a result the

metastable c3[L
- 
state exists in orthohydrogen for only odd values of N and in

parahydrogen for only even values of N.12

In its lowest vibrational level the c
3
fnu

- 
state can only decay bE magnetic

dipole and electric quadrupole radiation with a calculated lifetime of 1.76

ms. However, vibrationally excited levels in the c-state lie energetically

above the v=O level of the a
3

-+ state and electric dipole transitions c + a
which lie in the far infrared, lead to lifetimes

6 
of the order of 100 pVs for

v>) levels of c
3 
%

- .

Owing to its long lifetime, high excitation energy (12eV) and ease of
formation in near resonant charge transfer the c

3
fu- state offers itself as a

favorable lower state in excitation studies of high lying Rydberg states of
H2 as will be shown below.

FAST 8EAM SPECTROSCOPY

Die virtues of spectroscopy in fast beams of charged and neutral molecules
are associated with the possibility of the precise definition of the molecular

species under study and the reduction of inhomogeneous broadening.1
3 

The
former is related to the fact that a fast molecular ion beam can be mass
selected and, if a neutral beam is required, neutralized in a suitable charge
transfer gas. This seemingly complex way of preparing the sample molecule

offers the possibility of selectively preparing molecules in states other than
the ground electronic state, in non-statistical vibrational distributions, or

radicals purified from their chemical precursors or reaction products, in
what follows we describe how this scheme is accomplished for metastable molec-
ular hydrogen in the triplet state using the apparatus shown in Figure 1.

Electron impact ionization of 12 in a low pressure ion source forms H2
populated over a wide range of vibrational levels. This broad distribution
reflects the unequal equilibrium internuclear separations of ground state H2
and H2+, since Franck-Condon arguments determine the ionization event. For
spectroscopic studies of neutral molecular hydrogen this ion beam can be neu-

tralized in a charge transfer cell. If alkalis are used
9 

as charge-transfer
agent a dominant croduct in the charge transfer process is the near resonant

formation of H2 c 
u
. Again Franck-Condon factors influence the reaction and

since R2+ is prepared in a wide range of vibrational levels by electron

impact, so is the resultant neutral state. Also, since little momentum is
transferred by the exchanged electron, a neutral beam with qualities compar-

able to the primary ion beam results particularly in the case of near reso-
nance. This beam can now be purged of residual ions and apertured to suppress

dissociative charge-transfer products which appear with a near isotropic
angular distribution. In this manner a fast beam of typically 109 molecules

per second travelling at speeds of the order of .1% of the speed of light can
be prepared. Note that the density in this beam is equivalent to a pressure
of 10

3 
Torr. Nevertheless laser spectroscopy is readily performed with such

beams.
An intrinsic second advantage of spectroscopy in a fast beam lies in the

dramatic reduction in the inhomogeneous broadening of optical transitions.
When an ion cloud is accelerated to high energy a compression of relative
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FIGURE I SRI Coaxial Laser-Neutral Beam Spectrometer.

velocities occurs when viewing the beam coaxially. If the angular spread of

the ion beam is kept low by proper ion-optical focussing the residual spread
of relative velocities in the beam is ro,^d ' iL If q -"= ''inle at a few

degrees Kelvin. For the metastable hydrogen beam formed in the apparatus

shown in Figure I we have observed
14 

a residual Doppler spread,

ayx/ < 2xlO
-7

. However, when viewing the beam coaxially, a significant
coaxial Uoppler shift arises which is readily calculated.

A third beneficial property of the fast beam can be employed in the study

of dynamic processes of molecules that are induced by photoexcitation. This

advantage derives from the fact that the center-of-mass of the products of a
process such as dissociation, autoionization, ion-pair formation or detachment

retains, but for a negligible photon recoil, the velocity of the parent.

Since the parent is fast at keV energies, efficient single-particle detection
techniques can be employed to monitor the reaction products and measure their
translational energy, thus enabling to monitor single-molecule processes. The

application of fast beams to phototragment spectroscopy and photoionization of
neutral molecules is very recent, and is still in a developmental stage, but

has high promise. In what follows we describe this new technique for the

example of metastable hydrogen molecules.

PHOTOD ISSOC IAT ION

A novel approach to the study of dissociative processes in fast neutral

beams has become possible with an ingeneous time- and position-sensitive

detector which has been developed at FOM.
15

For photodissociation studies the



708 H. Helm

fast beam of excited neutral molecules is crossed with a tunable dye-laser in

a crossed beam configuration and the resulting photofragments are detected

with a time- and position-sensitive detector, which allows the measurement of

the momentum distribution of fragment pairs arising from a single dissociation

event.
16 

A schematic diagram of this experimental arrangement Is shown in

Figure 2. The fast neutral beam is crossed with the intracavity beam of a cw

dye laser and then stopped in a V-shaped beam flag which shadows the inactive

portion of the detector. The flight path from the photon interaction region
to the detector is of the order of 150 cm.

H

Beam m . I
H Oetector

Plates H2 LsrBa

H, " -- Aperture

H2 Exchange

Cell

FIGURE 2 Schematic Diagram of the FOM Neutral-Beam Photofragment Spectrometer

with Time- and Position-Sensitive Detector.

The multichannel plate detector consists of two opposing sectors of opening

angle 20 which allow separate detection of the two photofragments produced in

a single photodissociation event. The detector and its associated electronics

permit the measurement of the spatial separation, R, of the two fragments at

the channel-plate surface with a precision of typically 70 p m by measurement

of the center of charge of each electron cloud emitted by the channel plates

with a multianode system using the charge division method.15 The flight-time

difference between these two fragments can be measured with a precision of

500 ps with the fast current pulse induced in the supply lines to the output

face of the channel plates when a particle is detected.

By tuning the laser and monitoring the coincidence count rate at the detec-

tor we may obtain absorption spectra of transitions in the neutral beam which

lead to photodissociation. At an intracavity power of 20 W (multimode) count-

ing rates of typically 104 fragment pairs/s are obtained on strong transitions

in the 3d4Zp systems of H2 if a primary beam current of 10-
0
A of H2

+ 
is

charge-exchanged in a I can long cell of 10
- 3 

Torr of Rb. Space-and time-

resolved spectra of photofragments can then be recorded with the dye-laser set

to an absorption transition. If the dissociation is instantaneous, on a time

scale short compared to the flight time between the excitation region and the
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detector, the time and spatial coordinates of the fragment pair carry all the

information required to calculate the center-of-mass angle and energy under
which the fragment pair emerges from the dissociation event.

Here we are primarily concerned with the energy release in the c.m.
frame. It can be obtained from fragment pairs which appear coincident in time
at the two detector halves. Such fragments are formed when dissociation
occurs very nearly perpendicular to the molecular beam axis. Under these
conditions the c.m. separation energy, W, is related to the measured spatial
separation of photofragments, R, by the equation

W = Eo(R/L)
2  

I

where Eo is the parent-beam energy and L is the distance from the photon
interaction region to the detector.

Itv=5 v =6 -=7 v=BBound - oud
Bound Boundou

I'

003 0 5 0.7 09 1

o KINETIC ENERGY leViU

- == ---- FIGURE 3 Photofragment Kinetic-
100 200 300

KINETIC ENERGY imeVI energy Spectra Observed in Photo-

FA3 
-

dissociation of H2 c 1

Figure 3 shows three spatial spectra of correlated fragment pairs, H + H,

which iilustrate three different mechanisms of photodissociation which we haveobserved for the H2 c0 state'.n

(1) Bound-hound excitation followed by radiative dissociation.

The excitation of bound triplet gerade states from c r1u gives rise to
radiation

17 
into the continuum of the b

3  
state. As an example, excitation

of a single rovibrational level in the g
3
E + state will give rise toa

continuum distribution of photofragment energies which reflects the Overlap of
the bound-state vibrational wave function with the continuum wavefunction of

b
3

s state (see Figure 4).
theP stt(seFgr4)
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A number of such bound-bound-free transitions were observed
16 belonging to

100.000 Ill + H13s) 9 0,000
- g3j:; HIs) H2!) -"

75.000 80,000 H(15,l) H12p

c 3Jn
u  

E

> 50.000 - 70,00 C31,u

a z

25 .000 60,000
-b 3 +

SH(0 Hill)

0 1 2 3 4 5 0 I 2 3 4 5

INTERNUCLEAR SEPARATION IA) INTERNUCLEAR SEPARATION IA)

FIGURE 4 FIGURE 5
Bound Free Radiation Dissociation by Tunneling
of Excited State of Excited State

3 3 3 + 3 3 3 3 + 3
the il l cHlu , gE - cfJA IT j c 1 and h Z c systems. Figure
3a showsg .n eample of the continugus fragment-ene~gy distribution which is

obtained when we pump the RI line of the i+ c transition in the (3,3) band.

The measured energy distribution represents the lower-energy portion of the
total distribution produced, fragments with separation energies > 1.25 eV
falling outside the current detection geometry and time window. The small

structure which appears in the continuum energy distribution in Figure 3a
arises from an underlying bound-free photodissociation which is discussed

below.

(2) Bound-quasibound exnitation followed by predissociation.
The i

3
rI and h

3
E- states correlate to the energetically higher lying 3p and

3s united atom limits. Thi:i correlation leads to initially repulsive elec-
tronic states, the repulsion being overcome by the Rydberg character imposed
by the H2+ core at molecular distances. As a result these states develop

intrinsic barriers in their potential energy curves which can support quasi-
bound vibrational levels lying above the asymptotic dissociation limit H(ls) +

H(21) (Fig. 5). These quasibound levels can decay by tunneling through the
potential barrier. We observed several transitions to quasibound levels which

we have assigned to the (4,4) and (5,5) bands of the 14-c system.
14 ,16 

Figure
3b shows as an example the kinetic-energy spectrum of photofragments produced
by pumping the RI line of the (4,4) band (W - 160 meV).

In addition to predissociatios by barrier tunneling predissociatton by
rotational coupling to the continuum of a lower electronic state has been

observed for the j 3 state.
18  

Figure 6 shows the dissociative path for this

case at the example o v.6.

(3) Bound-free photodissociation.
Underlying the discrete photodissociation spectrum a continuous background

of laser-induced dissociation was observed which arises from bound-free
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photodissociation. At a fixed laser wavelength, bound-free transitions pro-

duce photofragments at discrete energies, W = h v- DvN, where Dv-N is the

dissociation energy of the rovibrational level with quantum numbers v,N from

which the optical absorption occurs (see Figure 7). Bound-free photodissocia-

tion at fixed wavelength leads to fragment energy distributions that reflect

100,000 10) + 1100~ 100000 \14 /

-- H--- * HO \2p)

MOO0 00n, 87.000 /

E C I11 3ln. I H(2pl

> 50,000 7,0

25,000 b 31 62.00

0 H(lS H IS 0.00000
0 1 2 3 4 5 0 1 2 3 4 5

INTERNUCLEAR SEPARATION (A) INTERNUCLEAR SEPARATION (A)

FIGURE 6 FIGURE 7
Predissociation of Excited State Direct Photodissociation

directly the lower-state rotational and vibrational spacings. Because of the
very high energy resolution of the time and positton-sensitive detector we

were able to resolve this distribution experimentally. Figure 3c shows such
an ener6y distribution obtained at a fixed frequency near 16480 cm

-
1, where no

noticeable peak occurs in the absorption spectrum. As indicated in this

figure, bound-free transitions are observed from the vibrational levels v =

5, 6, 7, and 8 of the c3U, state, with individual rotational levels being

resolved in the kinetic-energy spectrum. The intensity distribution over the
individual rovibrational bound-free transitions which appear in the kinetic
energy spectrm reflects the population in the lower-state levels multiplied
by the v- and N-dependent photodissociation cross section. The 3:1 intensity

alternation levels belonging to ortho and parahydrogen respectively is clearly
apparent from the spectrum in Fig. 3c.

Note that the upper state involved in the direct photodissociation fros
v" = 8, and 9 of the c-state lies at energies above the H2+(v=O) ionization

limit. However, in the visible wavelength range investigated here, ionization
was not observed to be a measurable competitor to the dissociative path due to

the unfavorable overlap between the continuum wavefunction of the dissociative
channel with the vibrational wavefunction of the lowest bound vibrational

l,?vel of H2+.

The data in Figure 3 demonstrate that a time and position sensitive detec-
tor extends the capabilities of fast-beam photofragment spectroscopy

13 
to

neutral molecules, permitting very high resolution, at the level of meV, in

the translational energy of neutral fragments. The detection arrangement
necessarily requires a crossed laser-neutral beam configuration. For such a
configuration the ultimate oltical apparatus resolution is determined by the
angular divergence of the fast neutral beam and the precision at which the

laser and neutral beam can be held perpendicular. For a neutral beam
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divergence of I mrad the residual Doppler broadening for perfect perpendicular
alignment amounts to 3 GHz at 7.5 keV beam energy and 6000 A.

The intrinsic high optical resolution of a fast beam can more easily be
exploited in the coaxial configuration (see Figure 1) though at the expense of
simultaneous determination of the translational energy of neutral fragments.

H2 (c
3 

n-l) + h' - H + H

11000

Z0 7000o , I

o ii0 I

3000 I

-1000- ]-

150 15700 16100 1600 16900 11300
PHOTON ENERGY (cm-1)

FIGURE 8 Low-Resolution Photodissociation Spectrum of H2 C3  .

Figure 8 gives a low-resolution absorption spectrum from the c-state which
leads to photodissociation in the visible wavelength range, obtained in the
coaxial configuration 14 shown in Figure 1. Here only a small portion of
photofragments are detected, namely those which happen to fall into the solid
angle seen by the off-axis channeltron. The low efficiency of the small solid
angle is compensated for by the fact that the photon interaction region is now
100 cm long. Using a single frequency laser, an optical resolution of 80 MHz
was achieved in this configuration. This is illustrated in Figure 9 which
gives a high resolution spectrum of the of the Q(1) line of the (2,2) band of

the gz 3++ c3 %u system at 6134.28 A. The observed splitting of this line
arises from the fine-structure and the hyperfine-structure in the c and g
states.14 It should be noted however that the resolution achieved in our fast
beam so far is lower than that obtained by Lichten, Wik and Miller19 in a
crossed laser-thermal beam study of the lowest triplet states of H2
(35-50 12z).

The photodissociation studies described here can naturally be extended to
probe the higher n members of the triplet Rydberg series by using shorter
wavelength excitation. For the higher n members at least one additional decay
path opens, namely autoionization. In principle also ion-pair formation into
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H+ 117 might occur via spin-orbit coupling of the triplet Rydberg states to

the i terms.

7000-
0.02 cm-'

5000-

z
0

Z 3000-
0

1000

-1000 -. L- L I I I I I I
0 2 4 6 8 10

LASER DETUNING (GHz)

FIGURE 9
High-resolution photodissociation spectrum near 6134.28 X.

The Q(1) transition of the (2,2) band of the g+c system is shown at an
apparatus resolution of 0.1 GHz (0.003 cm-

1
). Fine and hyperfine structure is

resolved. The excited state radiates to the H2b
3 

Z
+ 

state, which dissociates
into H(ls) + H(ls). u

PHOTOIONIZATION

Using the experimental setup shown in Figure 1 we have obtained the excita-
tion spectrum of high lying Rydberg states by detecting the appearance of 12+

formed in autoionization and field-ionization.
20  

In these experiments, the
molecules are excited in the 100 cm long field-free drift region (see Fig. I),
by a collinear dye laser beam. The dye laser operates at 10 Hz and has an
energy of typically 50pJ/Fulse after frequency doubling. The 5 ns pulses have

a spectral width of I cm
- 

(.1 cm
-1

) in the low (medium) resolution mode.

Ionizing states are detected by separating the product H2+ ions from the
parent neutral beam into a channeltron using the electrostatic quadrupole
deflector at the end of the beam line in Fig. I. The channeltron output is

shaped into 10 ns long pulses and counted with a gated scaler. The gate is
opened 200 ns following the dye laser pulse and closed after 3 Wa (correspond-

ing to the flight time of 1 keV H2 molecules over a distance of 100 cm) ensur-

ing that only molecules excited in the field free region of the apparatus are
detected. In the absence of the laser, there are practically no H2+ counts

(<10-
4 
counts/gate width), while the maximum observed count rate for the

strong transitions is up to 10 counts/laser pulse, corresponding to a count
rate of 4 MHz.
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A typical photoionization spectrum observed by scanning the dye laser with

I cm
-I 

linewidth, from 3360 to 3550 A is shown in Figure 10. The photolon

signal shows contributions from direct photoionization, vibrational autoloni-

zation, and field-ionization. The threshold for direct photoionization (in

Av = 0 transitions, where Av=v'-v") from the N"=I, v"=O level of the c-state

lies at 3386 A, decreasing to 3480 A for the N"=I, v"=6 level. The gradual

increase in the continuous portion of the spectrum in Figure 10 with decreas-

ing wavelength reflects the consecutive opening of continuum channel for the

individual vibrational levels of the c-state. At wavelengths shorter than

3400 A the continuum background appears constant, reflecting the wavelength

independence of the direct photoionization cross section near threshold.

Superimposed on this background roughly one thousand discrete peaks occur,

their linewidths apparently being limited by the laser bandwidth (I cm-1). At

wavelengths longer than the v=0, direct-ionization threshold, these peaks
correspond to the Av=0 excitation of the vibrationally autoionizing Rydberg

40 3 
n- + h- H* 200 crn

-!

I- H2 C ul v H2 +
0X
(A

0

M I

0

3350 3390 3430 3470 3510 3550

WAVELENGTH (A)

FIGURE 10

Low Resolution Photoionization Spectrum

series converging to vibrationally excited levels, v > 1, of the H2
+ 

core. A
smaller number and less intense series of discrete transitions which populate

vibrationally autotonizing levels in Av*O transitions are dispersed over the

entire wavelength range covered. Finally, the group of intense discrete peaks
near 3400 A arise from the field ionization of Rydberg series converging to

the lowest vibrationally level of the H2+ core. The field ionization is
accomplished in the 2kV/cm field region of the electrostatic deflector

employed to separate the H2
+ 

ions from the H2 beam. (see Fig. I).

A portion of the ionization spectrum is shown under increased resolution in

Figure I. We have found
20 

that the general appearance of the experimental

spectrum is reproduced in calculations which use a non-interacting single

channel Rydberg electron model. Significant shifts from the calculated level

positions appear at high resolution. In the light of the simplicity of the

model calculation these differences are however not unexpected. It should be
noted in the experimental spectra of Figure 11 that all peaks display a
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splitting at the level of - 0.2 cm
-1 . 

This splitting is due to the fine-

structure splittingi of the c-state levels.

V 3.2 2 cW-

29410 29416 29422 29428 2"42 20440
PHOTON ENERGY (M-1)

FIGURE II Medium-Resolution Ionization Spectrum near 3400 A.
The top trace gives the low resolution spectrum.

CONCLUSION

The experiments described here demonstrate that a time and position sensi-
tive detector can be used in photofragment spectroscopy in a fast molecular
beam, allowing high resolution translational spectroscopy on electronic states

that are coupled to the dissociation continuum. With this device we are able
to investigate bound, quasibound and continuum states of H2 in the vicinity of

its dissociation limit H(Is) + H (2X). The same states were investigated

under high optical resolution using a coaxial laser-fast neutral beam configu-
ration. These experiments revealed fine and hyperfine structure in some
dissociative transitions, proving that for H2+ on Cs a very monoenergetic
metastable neutral beam is formed in charge transfer. The coaxial
configuration was also used in conjunction with a pulsed laser and permitted a
first high resolution study of photoionization processes of the triplet H2

molecule. The coaxial fast beam spectrometer at SRI has since been u ?d
successfully in excitation studies of metastable H3 and N2 molecules.[
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QUANTUM MECHANICAL TIME-INDEPENDENT THEORY OF MOLECULAR PHOTODISSOCIATION

J. Alberto BESWICK

L.U.R.E. - CNRS and Universitd de Paris Sud, 91405 Orsay, France.

The quantum mechanical time-independent theory of molecular photodissociation
is presented. Exact numerical as well as approximate methods are discussed.
The theory provides state-to-state photodissociation probabilities and it
addresses to the following questions: 1) what factors determine the energy
and momentum disposal in the fragments, 2) what is the effect of the dyna-
mics (final state interactions) on the lineshapes and final distributions.

1. INTRODUCTION

Motivation for theory of photodissociation dynamics in polyatomic molecules

arises for several reasons:

a) Molecular photofragmentation in an isolated molecule is a basic reactive

process which constitutes one of the primary steps in a large number of photo-

chemical phenomena. Knowledge of the dissociation products and their detailed

energy distributions is extremely important in order to understand the reactions

in which they may participate in subsequent collisions.

b) It provides a mean for studying molecular dynamics on excited potential

energy surfaces (1,2). In particular, it allows the study of electronic non-

adiabatic interactions in half-collisions (3).

c) It also provides a means for relating features of the potential energy sur-

faces (steepness, anisotropy, etc.) to the experimentally measured observables.

The detailed theoretical description of photodissociation in a diatomic mole-

cule is relatively simple if only a single repulsive potential energy surface is

involved. However, this is very often not the case and many questions concerning

non-adiabatic interactions (3) in the photodissociation of diatomic molecules are

still under investigation (4). On the other hand, the few degrees of freedom of

diatomic molecules usually allow a complete quantum mechanical calculation to be

performed if the relevant potential energy curves and couplings are known.

Consider, on the contrary, the photodissociation of a prlyatomic molecule.

Even if the potential energy surfaces and couplings were known, the problem is

almost intractable numerically because of the many degrees of freedom (in parti-
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cular rotations) which participate in the dynamics. This was the main reason

why for many years quantum mechanical calculations were restricted to collinear

triatomic molecules in which rotations and bending degrees of freedom were ne-

glected (5). Only recently, approximate (6-8) and exact (9-16) quantum mechani-

cal calculations in 3-dimensions have started to emerge.

2. GENERAL THEORY

The quantum mechanical partial cross section for photofragmentation from a

well-defined initially bound state ITi> to a well-defined final dissociative

state lfc>,r being the relative kinetic energy of the fragments in the channel

f, is given by:

i-fF 1 I<Yil '.' lyf,>I, (1)

where ' is the dipole moment operator and e is the light polarization vector.

Eq. (1) is not restricted to direct photodissociation or to only one dissocia-

tive surface, and can also be applied to predissociation or to more complex

cases (17).

In the case of slow predissociation, however, it is possible to express Eq.

(1) in terms of a Lorentzian lineshape. Slow predissociation corresponds to a

lifetime much longer than a vibrational period. In that case, it is possible

to separate the photon excitation of the intermediate bound state Ts I from the

decay of Y into the continuum states. The partial rate for predissociation will

then be given by the well known Golden Rule expression:

2

r sf I< x l f >1 (2)

where X is the interaction operator inducing the predissociation (spin-orbit

interaction, for instance). The total rate will be given by the sum of the in-

dividual rates calculated by Eq. (2) over all possible final channels f. Its

value in energy units will correspond to the half-width of the Lorentzian line-

shape at half-maximum (HWHM).

There is a striking similarity between Eqs. (1) and (2). Both involve the

calculation of the matrix elements of an interaction operator (the radiation

and matter coupling in the case of Eq. (I), and the intramolecular coupling X

in the case of Eq. (2)), between a bound and a continuum wavefunction. Very

often the Condon approximation is invoked implying that the operators are slowly

varying functions of the internuclear distances. In that case both Eqs. (1) and
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(?) reduce to the calculation of a bound-continuum overlap factor, between nuclear

ro-vibrational wavefunctions for the initial and final states.

The rigorous calculation of those matrix elements (or eventually overlaps) for

a polyatomic molecule is only po :ible through a numerical solution of the

Schrddinger equation, usually by the integration of coupled equations. Several

approximate solutions can also be implemented: distorted-wave diabatic (5) and

adiabatic (18), local basis sets (19, 20), half-collision (21) and sudden (8)

approximations. All these treatments have in common that the wave functior for

the continuum state is constructed as a product of a function depending on the

internal degrees of freedom of the fragments and a function describing the trans-

lational motion along the dissociative coordinate (or the reaction path). This

amounts to decouple the motion al_"g the dissociation coordinate from the inter-

nal motion of the fragments. The neglected couplings are referred to as "final

state interactions".

In order to write the rigorous coupled equations, first we consider a general

photodissociation process AB + hv - A + B, where A and B can be atoms or mole-

cules. The coordinate system which is usually chosen in the calculations is the

Jacobi dissociation one: the internuclear distance between the two center of mass

of the fragments, 4, and a collection uT internal coordinates, 'r, describing the

fragments A and B and their orientations with respect to A (body-fixed system of

coordinates). We shall describe the total wavefunctions as linear combinations

of appropriate basis functions describing the internal motion of A and B at

R - -, and the rotation of the A axis. This basis set is characterized by the

quantum numbers vJMQ, where J is the total angular momentum quantum number, M

its projection on the laboratory z-axis, Q its projection on the R axis (the

body-fixed axis), while v is a collection of quantum numbers describing vibra-

tions, rotations and electronic degrees of freedom of the fragments. Expanding

the total wavefunction in terms of this basis set:

-1
> 2: D P v(R) IvJMQ> (3)

and introducing into the Schr6dinger equation HT = E' , one gets the familiar

coupled equations:

t~2 d 2 1i Z vS~<vOMQ (V + 2 ) IvJMSI> + Evo - E lD (R)

2 (4)
- 'L' <vJMQ1 (V + - ) v'JM'> .v ,(R)

VV2UR v
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where V is the interfraoment interaction defined by V = H - HA - H, with HA

and HB being the Hamiltonians for the free molecules. Thus V goes to zero as

R goes to infinity. In Eq. (4) we have denoted by E v the asymptotic internal

energy of the fragments, i.e., the eigenvalue of HA + HB.

A set of coupled equations have Lo be solved for the initial bound as well as

for the final dissociative state. The matrix elements involved in Eqs. (1) and

(2) can then be computed. Eqs. (4) can ve solved by the use of scattering inte-

grators with the appropriate boundary conditions (22). The first exact method

which has been developed to treat photodissociation in polyatomics was the "arti-

ficial channel algorithm" (23, 1). Other methods have also been proposed (24).

In what follows, we shall provide two examples of the application of the "arti-

ficial channel method" to study the role of the anisotropy of the potential

energy surface on the final rotational distribution of the fragments.

3. EXAMPLFS

The first example (11) is a case of electronic predissociation of a triatomic

molecule and it models the predissociation of the zero-point level of NZ O(A).

The initial bound state A is linear and predissociation proceeds through spin-

orbit coupling to a 4 surface, the strength of the interaction being estimated

to be of the order of 3 cm- I (ii). The predissociation lifetimes are very long

compared with the vibrational and rotational periods and therefore Eq. (2) is

valid. Furthermore, the spin-orbit interaction can be considered to be a slowly

varying function of the nuclear displacements and can be taken out of the matrix

element in Eq. (2).

The potential energy surface for the final dissociative state was taken of

of the form:

U = A e- R f(O) + D + - k (r - r e)2 (5)
2

with

f(O) = - sin 2 0 (6)
2

0 being the angle between the two vectors R and r.

Let us consider the results obtained with an anisotropy parameter x = 1. In

figure I the partial rates for predissociation into different rotational states

of the NO fragment in the v = 0 vibrational state, are represented. It is seen

that the final rotational distribution is rather broad with a maximum at j ,, 7.
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FIGURE 1

Partial rates for predissociation into different rotational states of the frag-

ments.- 0=,---y=O.

As a comparison the calculation with X = 0 (isotropic potential) is also pre-

sented in fig. 1. We notice that the effect of the anisotropy in the final po-

tential energy surface is to shift the rotational distribution to larger j but

the overall distributions are quite similar. This has been already found in

other calculations (10), and seems to be a general result for dissociative sur-

faces which are purely repulsive such as the one used in this calculation. A

very different result is expected for surfaces which present a barrier for the

angular orientation corresponding to the initial geometry of the molecule. Then

in order to dissociate, the molecule has to bend and the fragments acquire large

rotational excitation. The H20(A) dissociative continuum is a well known case

of this type and the OH fragments are produce with very large rotational excita-

tion (9). On the other hand the first dissociative continuum of H20, which is

a direct (purely repulsive) process leads to rotationally cold OH fragments (25).

The fact that even without anisotropy in the final dissociative energy surface

there is a whole distribution of rotational states in the fragments is well un-

derstood and has been extensively discussed in the literature (6, 7). Briefly,

the initial state has a zero point bending. Associated to it is a distribution

of geometries around equilibrium with a width Ae. After dissociation (if no

additional torques are exerted as in the case X = 0) this initial state projects
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onto the free rotor states of the fragments. Hence there will be a distribution

of rotational states with a total width Aj such that AjAe %, 1.

The second example corresponds to vibrational predissociation in the (HF) 2

dimer. The (HF) 2 dimer is possibly the simplest of all hydrogen bonded molecules.

The first calculations for vibrational predissociation in this system was per-

formed by Ewing (26) using a collinear model. This calculation gives lifetimes

many orders of magnitude larger than those observed experimentally (27). Ewing

suggested that this apparent contradiction does not exist in the real three di-

mensional world where the effect of rotations may speed up the dissociation.

In the calculations of ref. (16). the proton acceptor monomer was covistrained

to its equilibrium position and the quasi-triatomic system FH-(FH) was treated

fully, including stretching and bending degrees of freedom. The linewidth (life-

time) and the final rotational distribution of the fragments have been obtained

by converged close-coupling quantum mechanical calculations using the artificial

channel method. The potential energy sur-

face of Cournoyer and Jorgensen (28) was rxio

used. 4 '

The results are drastically different 10

from those obtained in the collinear mo- 0

del, reflecting the importance of the ro-

tational-vibrational coupling in systems 06

with hih anisotropy and low moment of o &
inertia. The lifetime obtained is now I
in good agreement with experiment. The C2

final rotational state distribution of

the HF fragment is highly inverted as 0 1 2 3 4 S 6 7 S IC

can be seen from figure 2 where the in

dividual linewidths for vibrational pre- FIGURE 2

dissociation as a function of the rotational quantum number j is presented.

These calculations clearly point out that clusters may play an important role

in inducing rotational population-inversion in the HF hydrogen bonded molecules,

and this may also be true for other systems as well.

4. CONCLUSIONS

Recently several quantum mechanical 3-dimensional studies of photodissociation

of small polyatomic molecules have been conducted. This opens a new generation

of detailed comparisons between exact and approximate treatments in this area.

It also provides a mean for relating features of the system to the experimental
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rotational distributions, angular distributions and polarization which can now

be measured experimentally thanks to the combination of lasers and supersonic

beams.
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ANALYTIC MULTICHANNEL THEORY OF MOLECULAR DISSOCIATION

Paul S. JULIENNE and Frederick H. MIES

Molecular*Spectroscopy Division, National Bureau of Standards, Gaithersburg,
MD 20899

A generalized multichannel quantum defect analysis of the close coupled
molecular wavefunction for arbitrary potentials gives a unified description
of the boand and scattering states of the diatomic molecule AB by defining a
rea! symmetric matrix Y(E) which can be analytically continued across a
dissociation threshold. The theory also leads to a half collision analysis
o weak predissociation and photodissociation whereby the transition ampli-
tude matrix is separated into factors representing short range Franck-Condon
transitions and long range final state interactions. For sufficiently high
fragment separation velocity, the effects of final state interactions on
product distributions are well approximated by small departures from the
recoil limit as prescribed by pure frame transformations among Hund's cou-
pled electronic-'otational states.

1. INTRODUCTION

Fhe process with which we are concerned here is that of molecular dissocia-
tion, that is, the formation of an unstable state of the molecule AB which
sapirares to fragments A and B. There are a variety of ways b% which a dis-
sociative continuum state can be excited: through initial preparation of a
bQunld aetdstable state which predissociates, through direct Dhotoexcitation, or
prndps through some collisional excitation process. Generelly the items of
int.,est 'or measurement or calculation are the total rate at which the process
)' cur:3 and the b.'anching ratios which describe the distribution of particular
final states.

The dissociative states of the species AB are also the collisional or scat-

tering states of the fragments A + B. Therefore there has been a considerable
amount of interest and success recently in generalizing close coupling scatter-
ing algorithms for the numerical calculation of thotodissociation transition
amplitudes (1-7). The theory (8-13) which we wil summarize here is complemen-
tary to these numerical approaches. It is based on an analysis of the struc-
ture of the close coupled, or multichannel, time independent scattering wave-
runction. It will hopefully lead to useful insights concerning molecu-ar

dissociatir.n and also lend itself to the development of quantum and semi-
classical approximations. Although our development has concentrated on appli-
cation to neutral atom scattering, that is, diatomic dissociation, many of the
features or the theory are general and need not be restricted to this case.

We call our approach a generalized multichannel quantum defect analysis
(MCQDA) (10), since it is strongly motivated by the concepts of standard multi-
channel quantum defect theory (MQDT) (14,15). The latter is designed to treat
problems associated with bound Rydberg states, autoionizing resonances, and
electron-ion scattering. It has not only been successfully applied to many

*Tnis work was sponsored in part by the Air Force Office of Scient-ric

Research.
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atomic problems, but has also been extended to treat molecular bound and dis-
sociative states in the vicinity of an ionization threshold (16,17). This
standard MQDT makes heavy use of the properties of the Coulomb potential and
its solutions. The generalized MCQDA has been developed by us (10,11) and
others (17-19) to apply to systems described by arbitrary potentials, for exam-
ple, the Born-Oppenheimer potentials for the interaction of A and B.

There are two features of the theory which we will emphasize in this paper.
First, the theory enables us to define a real, symmetric matrix Y(E) that can
be analytically continued across thresholds and thereby relate the properties
of open channel scattering states above threshold and predissociating closed
channel resonances below threshold (10,11). Second, we will explicitly con-
sider the case of weak coupling between an initial state and a manifold of
final states, and show how a half-collision factorization of transit 1 ampli-
tudes for predissociation and photodissociation can be developed (12,. This
analysis will be illustrated by interpreting photodissociation and radiative
redistribution experiments in which an aligned 1P atom is produced following
molecular absorption of a polarized photon.

2. MCQDA FORMULATION

In general the wavefunction that describes the diatomic species AB at total

energy E can be expanded as

pa,(E) = E Ja> Fa ,(E,R)/R (1)
a a a

where the basis functions ia> span all coordinates except the AB interfragment
separation R. This may also be written in the following matrix notation, where
a > is a row vector:

SIa> F(E,R)/R (2)

Introduction of eq. I into the Schrodinger equation, Hi = E , generates the
standard matrix Schrodinger equation, or equivalently, the set of close coupled
equations,

d2  2u
-- F + [E-1

° 
- W(R)] F = 0 (3)dR2 4-

where 10 is the unit matrix [In this paper diagonal matrices are always indi-
cated by a superscript zero]. The symmetric normally nondiagonal matrix W,
which describes the potentials and couplings among the various states a, is
found by taking matrix elements of the total Hamiltonian over the basis func-
tion Ia>.

Although it is possible to set up and solve such equations using a variety
of choices of basis Ia>, the scattering boundary conditions in the limit of
large R must be applied using a particular basis set, namely, the channel state
basic 1Y>. These basis states are eigenstates of total angular momentum,

where ' = JA + 1B is total fragment angular momentum and t is the
relative angular momentum of A and B. For the case of atom-atom scattering
this basis corresponds to Hund's case (e) of diatomic angular momentum
coupling. The potential matrix W' in the channel state representation is
asymptotically diagonal, having elements

Wi (R ®) -2E (4)YYY 2R
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The channel energy E is the total asymptotic fragment energy, not including
kinetic energy.

The expansion basis must always be truncated with only a finite number of
states, hopefully chosen to represent the physics adequately. The total number
of channels NT is divided into No open and NC closed channels, depending on
total energy. The channel wave vector

ky = [2p(E-E-)/,f2Jl / 2  
(5)

is real for open channels, for which the fragments can separate asymptotically
with kinetic energy E-E . But k. is pure imaginary for closed channels, i.e.,

E < E , so that the fragments can not separate in channel Y. If E < E for

all Y, NT = NC and the only possible states of AB are bound states. If E I E
for all Y, NT = No and inelastic collisions can couple any two channels. If
is such that some channels are open, some closed, then it is possible to have
metastable bound states, or resonances, which can decay by predissociation.

The MCQDA gives a unified way to describe open and closed channel properties
and giv, ,ew insights into the decay of predissciating resonances. The basic
idea of ie analysis is to introduce a set of diagonal reference potentials WO
such that

W(R) - W°(R) + V(R) , (6)

and V(R) vanishes asymptotically. Each reference potential Was(R) gives rise to
two linearly independent solutions of the Schrodinger equation, f. and ga. In
matrix form the diagonal matrices fO and go are each solutions of the diagonal
(or uncoupled) set of equations

d 
2  

211

dR 2  + ( F 0 (7)

The general solution to the coupled equations 3 can be written as a linear

combination of these reference solutions, with R-dependent coefficients A and
B,

F(E,R) = (E,R) A(E,R) + gO(E,R) B(E,R) . (8)

If ko and go are carefully chosen to be analytic in E, then the NTxNT

dimensional matrix defined by the asymptotic quantity

Y(E) - B(E,-) A(E,) -1  
(9)

can be analytically continued across dissociation thresholds (i.e., like a
"quantum defect") and quantitatively relates the scattering and bouno state
properties of # (E,R). In addition, the complex matrix

t(E) = [A(E,-)± iB(E,C)] -  
(10)

may be used to define "half collision" amplitudes which describe final state

distributions in photodissociation and weak predissociation processes. Note

that no approximations are Involved in writing eq. 8. In fact, the original
second order differential equations 3 can be rewritten as two coupled first
order differential equations for A and B, or equivalently, for R-dependent
analogs of Y and t- (9-12). Thus our analysis is related to amplitude density
and phase amplitude methods in scattering theory (20,21). Our contribution is

to emphasize the intrinsic analytic properties of the wavefunction that can be
projected from such an analysis.
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Although the MCQDA is a nonperturbative analysis, its usefulness will often
depend on making a judicious choice of reference potentials W*. The reference
basis Ia> is derived from the channel state basis IY> by an orthorgonal
transformation

Ia> = I'> i(R) (11)

W V + = M (12)

Normally the transformation m will be chosen for physical reasons to suggest
re'erence potentials W* which isolate particular effects by making V small or
vanishing at some value of R. For example, if we want to be able to generate
an energy insensitive Y(E) for extrapolating across thresholds, we would seek a
transformation that gives a coupling V(R) that operates only in a short range
zone of R, typically in the Re region of Born-Oppenheimer potentials. On the
other hand, for describing a photodissociation process, we would want to choose
a V which is negligible in the zone of R near Re which determines the
Franck-Condon absorption, whereas there may be strong inelastic couplings due
to V in an intermediate range of R that determine the distribution of atomic
fragment states. Depending on the specific application, some choices of
suitable reference functions for diatomic processes could be: a pure Hund's
coupling case, such as the standard case (a) states; a set of intermediate
coupled states; an adiabatic-electronic-rotational (AER) basis, which
continuously diagonal'-es the electronic-rotational Hamiltonain as a function
of R and smoothly trar, eorming from one Hund's case to another (8b,9).

Several types of reft,,ence solutions may be defined, depending on boundary
conditions chosen (10,18). The solutions useful for extrapolating across
thresholds are the functions P and g, respectively regular and irregular as R
0. They are defined quantum mechanically but have the following semiclassical
interpretation in a classical region of phase space:

= si CR)/kl" 2  1 R /1 2

a gin B.,)/L/(R) and gc = cos aC(R)/k /&(R) , (13)

where 6,(R) is the WKB phase angle (a is the classical turning point)R

8(R) _ fa k,(R) dR - - (14)a a14

Each reference potential W C(R) uniquely defines two energy-dependent phase
angles a(E) and va(E). Above a channel threshold the open channel solutions
define the reference phase shifts (we ignore subtle threshold effects discussed
in detail in references 10 and 11)

?a (R--) - k -1/2 sin(kaR- ' £ + ca
)  

(15)

Below a channel threshold the regular solutions (E R) are asyptotically
divergent except at closed channel eigenvalues E = En defined by the modular r
values of va(E)

tan v CE) = 0 or v(Eo) =nm (16)a a n

The semiclassical approximation to v

V + 2L fb k,(R) dR (17)
2 a
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gives the standard Bohr-Sommerfeld quantization rules.
The MCDWA analysis of Mies (10) shows how to define the symmetric real

matrix (E) in eq. 9. If all channels are open, the NTXNT scattering matrix S
is simply related to Y as follows

S - e'
t ° 

(10 + iY) (10 - iY)
- I 

eiF
°  (18)

If we calculate S and the reference phase shift diagonal matrix E. above
threshold, then we can calculate the NTxNT Y matrix. If Y is sufficiently
energy insensitive, then it may be extrapolated below thresholds to predict the
resonance scattering and closed channel properties. For example, if we take
the case NT-2 with channel 1 closed and channel 0 open, then the elastic
scattering phase shift of the open channel is modified due to predissociation
originating from the bound states located at vl(E) = nT (11),

no(E) = Co(E) + tan- 1 [Yo0  Y01 Y1O (19)tan vl(E)-Y11

If both channels are closed, the bound state eigenvalues are given by the
expression

(tan Yo(En) + YO0 ) (tan 1I(En) + Y11) = Y 1 " (20)

Eqs. 19 and 20 are valid for arbitrarily strong coupling and are only limited
by our ability to obtain the reference phases and the matrix Y(E) - constant.

In the limit of weak couDling when Y + 0, eq. (19) transforms into the
usual Lorentzian expression for an isolated resonance. The weak coupling width
Fn and shift AEn of the predissociating level at E = En are

I 2AG n  2 1 AGn
r Y and AE = -- Y11  , (21)
n IT 01 n r

where we have introduced approximation

3E E=En =~ (22)

where 6Gn is the vibrational spacing.
We have carried out a number of test calculations on 2 state models, i.e., 2

open or 1 open and 1 closed channels, and have demonstrated the success of the
analisis over a wide range of condit ons (11). These include an analysis of
Cd2  E state predissociat on to Cd(iPo ) + Cd(

1So) using AER reference states,
and an analysis of the 02 Eu predissociation using diabatic reference states.
Model strong coupling cases based on the latter were used to demonstrate the
nonperturbative nature of the analysis. The Y(E) matrix was found to be most
energy insensitive for short range inner potential wall curve crossings or near
crossings where two reference potentials remain nearly parallel over a range of
R. Its greatest energy sensitivity will occur for sharp outer crossings due to
the more rapid energy variation of Franck-Condon overlaps.

3. WEAK COUPLING HALF COLLISION ANALYSIS

Let us now consider a special case which covers a wide variety of actual
phenomena and for which the MCQDA allows us to develop a number of useful
insights or approximations. Assume that we have a manifold of N, channels
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which may be strongly coupled among themselves and a similar manifold of N
final channels, but that the coupling between the initial and final manifolds,
described by the NFXNI VFI submatrix, is very weak. For simplicity we will
consider the case here where NI 1 1, i.e., there is only a single nondegenerate
initial channel. If the initial channel is open, as well as the final chan-
nels, the free-free transition amplitudes are given by the NFXNI subblock of
the S matrix, described to first order in VFI by the Born distorted wave
approximation,

SFI(E) - -2mi <*(E)Vt, (E)> (23)

when ± are energy normalized wavefunctions calculated in the absence of the
weak coupling and the ± refer to incoming and outgoing scattering boundary
conditions. Similarly, if the initial channel is closed, the bound-free
predissociation transition amplitudes for decay of the closed channel resonance
at E=En are

IFI(En) = -2wi <$j(En)jV1En> (24)

where IEn> is the unit normalized bound state wavefunction.
There are numerous examples of weak predissociations in molecular spectros-

copy. One special case is predissociation induced by a radiation field,
namely, photodissociation. If the initial state basis functions are molecule-
radiation-field states aIi> Inqw>, with n photon of frequency a and polariza-
tion q, and the final states have n-1 photons [aF>In-1,q,w>, then the free-free
process, eq. 23, describes line broadening and radiative redistribution
phenomena and the bound-free process, eq. 24, describes photodissociation (22).
For the case of radiative coupling the weak coupling matrix is just (22,23).

VFI(rad) = ij ) <aFl-PIjlGI> (25)

where 0 is the field intensity (photons cm-
2sec-1), eq the polarization

vector of the light, and + the molecular dipole operator.
When we impose scattering boundary conditions on the asymptotic

wavefunction in the channel state basis I1>, we find (using eq. 11) that the
energy normalized wavefunctions for the respective initial and final manifolds
are

l Ia> K(? A + OB)N± , (26)

where K = (2p/f 2 i)112 and the normalization matrix N± is

N
± 

= [t;-()]-
1 

e±i
°  

, (27)

with t given by eq. 10. (12) We now wish to make one more assumption. Assume
that the weak coupling VFI which couples the two manifolds is only significant
in some short range zone of R near Ro and that the final state interactions VFF
which determine the final state distribution are important in a longer range
zone of R. Since B must vanish at the origin and does not become large until
R > R., the weak transition occurs in a zone of R where to a good approximation
we may take A-1, B-O. We immediately see from eqs. 23, 24, 26 that the weak
coupling amplitudes are

SFI - -2wi iF(E) §I(E) N-(E) (28a)

TFI(En) - -2wi (En ) CFI(En) (28b)

where
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FI(E) = K2 <(E)iVFIlfr(E)> (29a)

tFl(En) - K Zfo(En)IVFIIEn> (29b)

and we have used the result N+ - N-*.
F F

The results, eq. 28, show how a very useful factorization of the weak cou-
pling transition amplitudes can be achieved. The 9 and T amplitudes are real
Franck-Condon amplitudes which describe the excitation process. The N matrix
is a "half collision" dynamical matrix which incorporates the effect o final
state interactions and provides the correlation between the short range
reference states excited by VFl and the asymptotic distribution of fragments
which could be measured experimentally. The initial state matrix N is a sim-
ple phase factor for a single initial channel, whereas for a manifofd of ini-
tial channels, it would describe the formation of the reference states from the
asymptotic states. We see that the physical picture implicit in the factor-
ization, eq. 28b, is the time-independent analog of the time-dependent wave-
packet viewpoint of photodissociation of Lee and Heller (24). According to
this viewpoint, nhotodlssnoiation is desuriued as the initial creation of an
excited state wavepacket through a "Franck-Condon" excitation from the initial
bound state due to weak radiative coupling. The time evolution of this wave-
packet leads to the distribution of final states.

We have shown two important properties of the N+ matrix (12). First, as
long as no nonclassical regions are encountered by the fragments between the
excition region, R - Ro, and the detection region, R = -, then N+ is unitary to

0+a very good approximation. Second, the N+ matrix can be further factored as

N = O U+  (30)

The factor U+ , the so-called frame transformation matrix, depends only on the
reference solutions and the orthogonal basis transformation matrix m. If an
AER reference basis is used, it takes on the form

U+ = L(Rs) e
iU °  (31)

with L(R) : eiP0 m(R) e-i8 °  (32)

where 00 is the matrix of WKB reference phases, eq. 14. The distance R is a
characteristic switching distance at which the final state interactions begin
to become important as the fragments separate. The matrix O+ in eq. 30 incor-
porates the effect of final state interactions in causing deviations from the
pure frame transformation, eq. 31. It is possible to obtain a first order
differential equation for 0+ by which these deviations can be calculated (12).

A special limiting case which has been used to predict final state
distributions in diatomic photodissociation is the recoil approximation, or
more specifically, the J-independent recoil approximation (25). This amounts
to ignoring any J dependence of final state Franck-Condon factors and phase
development. This limit will always apply at sufficiently high fragment
kinetic energy. In our formulation, this limit corresponds to setting N+ -
*(Ro). If, however, we set N+ - U+ , thereby ignoring the nonadiabatic
corrections in 0+ but incorporating the effect of adiabatic phase development,
and continue to ignore any J-dependence in the Franck-Condon amplitudes, 9 or
t, we obtain an improved approximation which allows us to incorporate the
effect of molecular ayis rotation into orientation/alignment experiments. We
thus see that the factorizations, eqs. 28 and 30, are very powerful tools which
enable us to introduce a heirarchy of approximations for successively introduc-
ing various dynamical effects into the interpretation of photodissociation or
predissociation product distributions.
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In our earlier discussion we emphasized the Y matrix and its continuity
across a dissociation threshold. For our present example of a single initial
channel weakly coupled to a manifold of final channels, the YFI submatrix to
first order in VFI is

YFI(E) - -. AF1 (E,-) §FI(E) (33)

The continuity of Y across the initial state threshold is thus reflected by the
well known continuity of Franck-Condon amplitudes 9. The connection between
tFI and tFI in eq. 29 is readily seen when we write the unit normalized initial
bound state function as

;En > = (AGn) 1/2 r i(En) (34)

where we have used eq. 22 and the results of references 8 and 10. Thus,

'tFI(En) = (AGn) /2 &FI (En) (35)

shows the relation between the nonanalytic t and the analytic §.
One important consequence of the unitarity of N+ is that the total predis-

sociation decay rate, given by the following scalar dot product,

An = rF* TF/h = (472 kI FI ) (AGn/h)' (36)

depends only on the excitation Franck-Condon factors §, and not on the half-
collision dynamical matrix. This Justifies the usual adiabatic approximation
for continuum spectroscopy and weak4 Predissociation, i.e., given our assump-
tions, it is only necessary to take into account the local interactions in the
Franck-Condon region to calculate the total rate of decay. Since when the
initial channel is open the first factor in parenthesis in eq. 36 is inter-
preted as the total inelastic transition probability from I to the F manifold,
we see that the closed channel decay rate is simply interpreted as a single
cycle transition probability times the oscillation frequency AGn/h. The
continuity uf S across threshold and this interpretation of eq. 36 has recently
been discussed by Tellinghuisen and Julienne (26) in relation to the inverse of
the phenomena considered hers, namely, for radiative association and bound
state radiative decay.

We have carried out specific calculations for the case where polarized ab-
sorption from a It+ state through either a i or ifl molecular Born-Oppenheimer
reference state leads to ip + 1S fragment atoms (23,27). The 1P atom may be
aligned (q=O) or oriented (q=±1). This describes both Sr or Ba + rare gas
radiative redistribution experiments (28) and the Ca2 photodissociation experi-
ment of Vigud, et. al. (29). Our full close coupled results for Sr + Ar are
in good agreement with the radiative redistribution experiments. The half col-
lision analysis leads to an especially simple and pleasing physical picture of
the product alignment.

The same angular momentum transfer formalism applies to both radiative
redistribution (23) and photodissociation (30). The transfer cross sections
require a coherent sum of transition amplitudes resulting from P, Q, and R
type radiative transitions, i.e, those having AJ - 1, 0, and +1 respectively.
The transfer cross sections that result from applying the factored form of the
NF matrix can be expressed in terms of an angle

OA - aAl2 - Ys2•
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The angle mA/
2 
originates from the frame transformation matrix U

+ 
in eq. 30 and

represents the effect of adiabatic motion on the Born-Oppenheimer potential A.
Semiclassically, it is the angle through which the molecular axis rotates in a

complete half collision in the final state, that is, (7-Bc)/2, where BC is the

final state classical deflection function. The classical deflection function

enters since it is 
2
BA/aJ and the adiabatic phases tA vary slightly with JF

for adiabatic evolution following P, Q, and R excitation. The angle As/2
originates from the effect of nonadiabatic Coriolis coupling between E and R
states in the nonadiabatic correction matrtix 0

+
. It represents the decoupling

of electronic angular momentum from the rotating axis beyond a switching dis-
tance Rs .

This model leads to the same polarization ratio as found by Lewis, et al.

(31) on the basis of an ad hoc geometric model. This model corresponds to the
picture that angular momentum projection A rotates with the internuclear axis
inside of some characteristic internuclear separation R. but is decoupled and
fixed in space for R > Rs . If molecular axis rotation is neglected, our half

collision analysis predicts the J-independent recoil limit results (25,29),

namely, respective q = 0 polarization ratios of 1/2 and 7/9 for E and 11 exci-
tation. The usefulness of the complete half collision analysis is that correc-
tions to this simple J-independent recoil approximation are possible by intro-

ducing additional effects into VF" In the present case it happens to be simple

to isolate the separate effects of adiabatic and nonadiabatic dynamics.

We have also used the half collision analysis to interpret Na + rare gas
radiative redistribution experiments (31) in which the Na 

2
P(j=1/2)/

2
P(j=3/2)

ratio was Lat,;red following wing atsorption to the 2Z and 2H states (32). The
recoil limit result is approached for fragment kinetic energy cf about 2000

cm
- 

for an argon collision partner, but at a much lower kinetic energy for the

lighter He collision partner. The large departures of the fine structure

branching ratio from the recoil limit for low (thermal) separation energies
reflects the influence of the adiabatic potentials and their curve crossings.
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TRANSITIONS WITHIN THE CONTINUUM IN HIGH-INTENSITY LASER FIELDS
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The Netherlands

The current status of experimental and theoretical work on 'Above-Threshold
Ionization' (ATI) in multiphoton processes is reviewed. Some features of the
low-intensity regime are treated in order to provide a basis for discussion
of the phenomena in the high-intensity, non-perturbative regime. It is shown
how saturation of continuum-continuum transitions leads to a .istribution of
photoelectrons over a range of continuum states. Furthermore, we consider
how AC Stark shifts of the atomic levels, and the ponderomotive force, affect
the position and width of the photoelectron peaks, for various conditions of
laser pulse length vs. photoelectron escape time.

1. INTRODUCTION

The process of multiphoton ionization has been studied extensively over the
past two decades, an important item of investigation being the rate dependence
on the intensity of the laser light, i.e. the order of non-linearity of the pro-
cess. It can be stated that in practically all cases the observed order of non-
linearity does not exceed the minimum number of photons N needed to cross the
ionization potential (I.P.):

I.P. < N.hw < I.P. +hw (1)

This is the dependence one would expect in the regime of validity of lowest-
order perturbation theory, for a process which is terminated once N photons have
been absorbed; indeed, this has been the accepted picture for a considerable
period.

Nevertheless, it is against reason to accept that ionization can take place
through fully non-resonant absorption of a large number of photons, and then
disregard the possibility of further absorptions by what could be considered
'quasi-resonant steps' in the continuum. This actually was one of the reasons
for undertaking the analysis of photoelectron energies. Over the past five years,
extensive evidence for the generation of photoelectrons with energies [(N+S)hw
- I.P.], S being an integer, has been collected (see reviews (1] and (21). Of
the various names that have been proposed for the process, Above-Threshold-loni-
zation at least has the advantage of allowing a short abbreviation: ATI.

This paper attempts to bring out the most salient physics that has emerged
from these studies. Firstly, a few features of the low-intensity regime are
briefly discussed in order to provide a framework for thinking about ATI. The
main part of the paper is concerned with the high-intensity regime and discusses
several experiments as well as recent theoretical approaches, using non-pertur-
bative methods.

2. LOW-INTENSITY REGIME

One objective criterion for distinguishing between a low- and high-intensity
regime is whether (N+1)-photon ionization has a considerably lower probability
than N-photon ionization. If so, lowest-order perturbation theory can be expec-
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ted to hold. A schematic representation of an (N+1)-photon ionization (N=2) is
given in fig. la, on the conceptually convenient basis of a stepwise excitation
via virtual intermediate states separated by hw. In this example, one tends to
think in terms of a two-photon transition to the continuum, followed by a one-
photon continuum-continuum (CC) transition to the final state.

A proper lowest-order perturbation description replaces this simple picture
by a coherent sum (with appropriate energy denominators) over all allowed three-
photon paths (fig. Ib), of which the energy-conserving case is just one. An ob-
vious question arises: what is the relative importance of the energy-conserving,quasi-resonant CC step in fig. la with respect to the full amplitude? It is a
simple matter to show that the transition amplitude is a complex quantity [31,
the energy-non-conserving paths contributing the real part, while the energy-
conserving path yields the imaginary part. It has been found for the case of
hydrogen [4] that real and imaginary parts are of the same order of magnitude
for a wide range of parameters. A two-step hypothesis, consisting of a two-pho-
ton ionization followed by a CC transition, is therefore not strictly applicable,
but it does provide a crude estimate. For instance, for the case of five-photon
ionization of Xe at X =440 nm, the ratio of (5+1)- to 5-photon ionization is
underestimated by a factor of four, when taking only the fig. la path into
account.

a) b) c)

ii

FIGURE 1
Energy diagrams showing various 3-photon ionization pathways; a) and b)
for ATI. a) energy-conserving path; b) one of the energy non-conserving
paths; c) 3-photon path without ATI, through high Rydberg state.

A second point of interest is the behaviour of (N+1)-ionization with laser
intensity. It is by now well established that in the low-intensity regime pertur-
bation theory correctly predicts [] an order of non-linearity equal to (N+1),
or equivalently, a ratio of (N+1)/N-ionization linear with intensity. An example
is shown in fig. 2. The figure is taken from ref. [5], in which a special method
is described to circumvent problems of intensity determination in multimode
laser operation. The method relies on a detuning from exact (three-photon) reso-
nance, such that only specific local, momentary intensities create a dynamic
resonance through AC Stark shifting. Out of the resonance, two- and three-photon
ionization occurs at the same selected intensity, which depends linearly on the
detuning. It will be clear that in the low-intensity regime, (N+S)-processes
contribute little to the total ionization rate; experimental accuracies are
usually insufficient to detect the correspondingly small deviations from IN be-
haviour (I =intensity).

Finally, let us consider the behaviour of the ATI signal in fig. 1, when the
photon energy is lowered such that 2 hw no longer exceeds the I.P. Obviously,
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FIGURE 2
a) Electron energy spectrum from 5-photon and (5+1)-photon ionization of
Xe (P3/2 and P1/2 ion states) at =440 nm. Intensity -1011 W cm- 2 .
b) Ratio of (5+1)- to 5-photon P3/2 signal as function of detuning.
Relation between detuning and intensity discussed in text.

the 2-photon ionization signal disappears, but in the 3-photon signal no sign of
a threshold is present (fig. 3). This is just another manifestation of the ge-
neral phenomenon of continuity across the threshold: the density of transition
strength in the high-Rydberg region always joins smoothly into that of the cor-
responding continuum.

Cs

0

L 2hw=I.P

o V
637.00 63.00 M. 00 640 .00 641.00

Wavelength (nm)

FIGURE 3
3-photon ionization signal of Cs. Arrow indicates where 3-photon ionization
according to fig. Ic, through Rydberg states, goes over into the ATI case
of figs. la,b.
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3. HIGH-INTENSITY REGIME

3. 1. Ob6etve.u

It is interesting to note that several of the peculiar features of high-inten-
sity ATI observations, which are presently the subject of a strong theoretical
effort, were actually predicted already in 1980 by Reiss [6], for multiphoton
detachment of H- by an intensc C02 laser.
The first detailed study, under well-
defined conditions, of ATI in the high-
intensity regime (_ 1013 W cm-2 ), was P,2
that of Kruit et al. [7], on 11-photon ,, -2 .3 ' ,5 ,, ,, , 20

ionization of Xe by 1064 nm photons ,. .3 . , , , , ,
(fig. 4). The main observations were: 4 .J

- the disappearance of low-order peaks, 3 -. 0.004P.

- a total order of non-linearity of .
10±1, i.e. close to the minimum num- 2 • - '

ber of photons, 1 •
- the envelope of the spectrum peaks at .- '. .-

an energy which shifts upwards with 0 •° "
increasing intensity, 22.J

- no p.ak shift connected with the pon- 3 0. .6P.
deromotive force (see below), 2

- considerable peak broadening 2

(-200 meV). " .
The experiment of ref. [7] was later o ¢' .

confirmed and extended by Humpert et al.
[8], under similar experimental condi- 3 17.J
tions of intensity and pulse length. 2.SP.

However, there are two recent reports 2 -

of seemingly conflicting measurements, -"

in which ps pulses were used. One is by I •.
Lomprd et al. [91, in which a simple I-J,
retarding-field analyser separates 0 -

different continuum energies. It was ob- 40P.

served that for increasing continuum
energies, increasing orders of non- 2 .
linearity occur. The numbers found are
close to the minimum number of photons ' . .
needed to reach the corresponding con- '- .--- .
tinuum state. Again no shift of peak 0.0 2.0 4.0 6.0 8.0 1o.0

energies was observed. Contrary to this, ELECTRON ENERGY EV

Freeman [10] reports preliminary ps
pulse measurements, which show signifi- FIGURE 4
cant shifts and broadening of the elec- Electron energy spectra of Xe ionized
tron peaks. by 1064 nm photons. Vertical scales ad-

justed to equal height. Pulse energies
3.2. Quoaeitative intetputatLoo and target pressures are given in each

panel. No depletion of ground state up
Most of the features of fig. 4, in- to highest intensity. Estimated effec-

cluding the apparent conflict with la- tive intensity of multimode pulses
ter ps data, can be understood when 6x 1013 W cm-2 for upper panel.
adopting the following qualitative pic-
ture which was developed by Muller and Tip [11,12] and later refined by Mittle-
man et al. [13,14]. We first consider a CW laser field of limited spatial ex-
tent. In this field the atomic energy levels undergo AC Stark shifts, the magni-
tude and direction of which depend on wavelength and local intensity. For the
I.P., the shift is upwards and amounts to J a4 (a.u.), where a is the vector
potential. As an example, A(I.P.) [eV] = 10-13 I [W cm-2 ] for = 1064 nm. These



Transitions within the Continuum 739

local shifts determine the minimum number of photons needed to ionize; in the
case of Xe at X =1064 nm, clear evidence exists (fig. 4) that at intensities
around 1013 W cm-2 eleven photons no longer suffice for ionization.

With regard to the electron energy at arrival on the detector, this is deter-
mined not only by the above shifts, but additionally by the ponderomotive force
accelerating the electron during it escape from the focus to the f'eld-free
region. It turns out [11] that the energy gain due to the ponderomotive force
exactly cancels the shift of the I.P., such that only the ground state shift is
noticeable in the final electron energy. Since ionization events take place
throughout the laser focus, there is a distribution of shifts resulting in broa-
dening of the peaks.

The above picture requires the field to be constant during escape of the pho-
toelectron, which takes place on the order of 10 ps for a 1 eV electron. Thus,
the CW description holds for pulselengths longer than 10 ps. Note that in multi-
mode pulses not the overall pulselength, but the duration of individual spikes
count . E.g. in a 0.1 nm bandwidth YAG laser, intensity fluctuations on a 10 ps
time scale are possible. For short pulses the electron energy depends on how the
electron emerges from the field pulse [14]. For escape out of the side of the
pulse, again the CW case applies. During escape from the rear of the pulse,
however, the acceleration acts very briefly and the initial electron velocity
hardly changes. Thus, electrons created with equal energies inside the focus,
may show an asymptotic energy difference as large as the full energy gain of the
ponderomotive force. This clearly could result in excessive peak broadening, of
several eV and more. It is worth noting thaL the higher the initial velocity,
the larger the probability for escape out of the side of the pulse, and there-
fore the narrower the energy spread. This effect has not been observed yet.

The next problem concerns the orders of non-linearity. It is clear from fig.
4 that, although the total (unsaturated!) ionization rate depends on intensity
I approximately as Ill (experiment 110±1), we are dealing with the non-perturba-
tive regime. The qualitative explanation given in [7] is the following: The
eleven-photon step into the continuum limits the total rate for ionization.
Further steps in the continuum are (nearly) saturated, such that a range of
1 ,gher continuum states is populated.

Support for this reasoning is obtained from a calculation of CC matrix ele-
ments for Xe [41, using a one-electron model potential. Matrix elements on the
order of 10 a.u. for 3 eV photons have been obtained. Using the well-known
scaling with 1/,2, values at I eV would be 100 a.u. At intensities of 1013 W
cm-2 , transition rates are on the order of 1017 s-1. Such rates clearly compete
with 'direct' ionization, and thus are capable of populating higher final states.

This interpretation is in conflict with the recent data of Lompr6 et al. [91,
for reasons that are as yet not clear. Possibly the small angle of acceptance
of the photoelectrons, combined with intensity-dependent angular distributions,
plays a role.

3.3. Quaif~ttat(ve theoty

As regards more quantitative descriptions, we already mentioned the calcula-
tion by Reiss [6], which is based on : revision of the Keldysh approximation.
Although limited to systems with short-range potentials (e.g. H-), the predic-
tions are remarkable close to a number of the later observations, as listed in
3.1, including the upward shift of the I.P. with j a2 . The next non-perturbative
approach was that of Muller and Tip [11,12], who treated the exactly soluble
case of a one-electron atom in a circularly polarized field. A numeical evalua-
tion for a zero-range potential (fig. 5) gave results which repr'ice the essen-
tial features of the experiment.

Three more recent theories [15-17] basically replace the N-photon ground
state-to-continuum step by some effective coupling, and then treat the interac-
tions in the continuum to all orders in the intensity. Spectral distributions
and orders of non-linearity are obtained by making simplifying assumptions with
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1FIGURE 5
- Calculated rates for absorption

id of 5 to 10 photons by a zero-~1O .. range potential model atom, as

function of field strength. A1W minimum of 5 photons is needed
a: 1to ionize. Arrows indicate field

0- strengths at which AC Stark
shift pushes the ionization po-
tential beyond 5, resp. 6 times
the photon energy. The dashed
curve represents the total rate
and has order of non-linearity
close to five.

0010

FIELD STRENGTH a (A U I

regard to the CC matrix elements, such that the equations governing the time
evolution of the multiphoton process become analytically soluble. The assumption
is that the CC matrix elements can be factorized into a product of two terms:

, + i D 1 , = f( ).g( ') (2)

The simplest and most elementary of these theories, by Deng and Eberly [15], sup-
poses that both f and g, and therefore all CC matrix elements, are constants. CC
transitions then connect an infinite set of structureless continua as a linear
chain, the first continuum of that chain being connected to the ground state by
an effective coupling proportional to IN .

This model gives rise to an ionization rate

Ri  I (3)i Z 12
1 +

1 12

the 1+....
=2 1 :<Y D ~

Zkk~ " ,'k * D 2

describing the coupling between continua k and k+1. For all Z equal, Ri can be
shown to behave as IN-? for large I, i.e. in close agreement with the observed
11u±1 (for N=11). When Z varies with k, it turns out that the lowest transition
which saturates, i.e. for which Z>1 (see also 3.2), acts as a bottleneck for
the order of non-linearity of the ATI process. Since in real atoms the first CC
matrix elements are usually the largest, these transitions saturate first and
thus block the growth of the order of non-linearity.

The paper by Edwards et a]. [16] deals with general forms of f and g in eq.
(2) and justifies the use of only a single 'staircase' of continua when using
circularly polarized light. Again they find orders of non-linearity of approxi-
mately N-J at large I, for all peaks in the ATI spectra except the first. The
behaviour of the first peak depends strongly on the coupling with the bound
state (observed value 7.7 [71). A similar approach by Bialynicka-Birula (17]
treats the effect of more bound states, including resonances between them, and
the splitting of the electron peaks due to Rabi oscillations.

Although successful in explaining the orders of non-linearity, the three
papers have the serious shortcoming that approximation (2) is unrealistic: CC
matrix elements are known to behave as 1/(F- ')2. This strong singularity of
the interaction with the field gives rise to interesting effects near the I.P.,
which the three theories lack. Indeed, the first even lacks the threshold itself.
Note that it is this singularity which in the work of Muller and Tip (121 leads
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to the shift of the I.P. and its pronounced consequences.

3.4. Experiment in ptog.e6

We conclude this section by mentioning present efforts at the FOM-Institute
to measure ATI in a 'pure' case, i.e.:- using atomic hydrogen as a target, for which exact calculations are feasible;- performing 'two-colour' excitation: a weak 3(,; transition to the 3p level,followed by 2,3 .... w2 ionization, so including ATI, 1-2 being the fundamental

YAG frequency;
- detuning w, from exact zero-field 3wl resonance, and bringing the processback into resonance by the AC Stark shift of the 3p level due to the ' 2 beam.The specific W2 intensity which then produces ionization, can be calculatedexactly from the accurately known AC Stark shift parameter of the 3p level for

w2.
A pilot experiment on Xe (fig. 6) shows many of the desired characteristiLS, eA-cept that the 3.l excitation occurs to the dense region of Rydberg states, whereAC Stark broadening precludes selection of a single level. It is worth notingthat the ,'2 beam couples a chain of continua not only by absorption, i.e.(3 I +n2), but also through stimulated emission, starting from an 4W1 conti-
nuum: (4-,i ±IL2).Finally, the atomic hydrogen target has already been used in a one-colour3-photon resonant experiment. A first result of the same nature as that of fig.2b for Xe, yields a (4+1)/4 photon ionization ratio of (I.6±0.2)x10-6 per GWcm-2 . This result should provide a stringent test for theory, as it is not sub-ject to the usual uncertainties in averaging over a wide intensity distribution
in a laser focus.

~Xe
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- in the low-intensity regime, ATI is quantitatively accounted for by perturba-
tion theory;

- iR the high-intensity regime, behaviour of the total intensity rate with -
I does not imply lowest-order perturbation theory is applicable;

- most of the ATI features obtained with ns pulses, like peak positions, widths,
spectral envelopes and orders of non-linearity, can be understood semi-quanti-
tatively;

- some features in ps experiments still require further study.
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MULTIPHOTON MULTIPLE IONIZATION OF ALKALINE-EARTH ATOMS

Pierre AGOSTINI and Guillaume PETITE

Service de Physique des Atomes et des Surfaces, Centre d'Etudes Nucl~aires
de Saclay, 91191 Gif-sur-Yvette Cedex, France.

Recent results on sinale, double and triple ionization of alkaline-earth
atoms irradiated by intense picosecond pulses are reported. For single
ionization, features characteristic of two-electron atoms multiphoton ioni-
zation are emphasized : intermediate-resonance with bound two electron states,
resonances with autoionizin 9 states either as final states or as interme-
diate states. For double ionization, observations confirm that the most
probable mechanisms are stepwise, resonant processes. For triple ioniza-
tion, results are compared with similar findings in rare gas ionization
as well as in double ionization of alkali.

1. INTRODUCTION

Experimental studies of multiphoton ionization of complex atom are as old
as the field of multiphoton ionization itself since rare gases, for instance,
were among the first targets used in experiments (1). However, multiphoton
ionization of such atoms was found, suprisingly enough, to behave as predicted
on the basis of one-electron models. For example, resonances with intermediate
one-electron states (2) as well as power dependence compatible with such a
simple model (3) were observed. Recent studies of the photoelectron energy
spectra have somehow complicated this simple picture by showina that the
ejected electron could keep absorbing photons in the continuum part of the
spectrum (above the ionization limit : a process called Above-Threshold
Ionization (4), (5)). But, even in the presence of this higher order process
there was no evidence of any "core" excitation, i.e. that more than one electron
was involved in the transition.

The discovery that alkaline-earth atoms could be doubly ionized (6), (7) and
that rare gases could be ionized up to the complete stripping of the outer-shell
(8), (9), with a relatively small increase of the laser intensity, was the
starting point of new investigations in multiphoton ionization of complex
atoms. Even in the simplest case of single multiphoton ionization of an alka-
line-earth atom it can be realized that new processes involving some core
excitation can be expected : intermediate resonance with bound two-electron
states, resonances with autoionizing states (i.e. two-electron states imbedded
in the continuum) either as final states of the ionization or as intermediate
states in higher-order transitions. In all cases, new interference effects have
been predicted (10). Regarding the double-ionization of alkaline-earth atoms,
from experiments on Ba, Sr and Eu (6) it could be concluded that it was a
"direct" multiphoton process driving the two electrons from the ground state
up to the second ionization limit through two-electron excited states. However,
other experiments on Sr (7) lead to the opposite conclusion that it was mainly
a "stepwise" process. In this paper, we report recent results on multiphoton
ionization of Ca and Sr with intense picosecond laser pulses using both ion
detection and electron energy analysis. The results are divided in three main
sections after a brief description of the experiment. Thus, Section 3 is
dealing with single multiphoton ionization of Sr when the two-outer electrons
are involved. In Section 4 we summarize our observations on double ionization
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of Ca and Sr and show that, in most cases, it is a stepwise (or resonant)
process. Finally, in Section 5 we present and discuss briefly preliminary
results on triple ionization of Ca.

2. EXPERIMENT

The primary laser source used in these experiments is a Quantel picosecond,
10 pps, oscillator/amplifiers system. It has been used either directly at
1060 nm and 530 nm or as a pumping source for a synchronously pumped oscillator/
amplifier, Fourier-limited, dye laser (11). This system provides after focus-
sing (f = 100 to 200cm) intensities up to 1013 W.cm-2 at 1060 nm, 3.1012 w.cm-2

at 530 nm and 1012 W.cm-2 between 557 nm and 585 nm, the tuning range of Rhoda-
mine 6 G. The target is an atomic beam effusing from a resistively heated oven.
Ions are analyzed in a time-of-flight charge spectrometer while electron-
spectroscopy is performed in a combined time-of-flight/retarding potential
spectrometer (12). The average power of the laser is stabilized to within + 5 %
while tuning and data acquisition are computer controlled.

3. MULTIPHOTON SINGLE IONIZATION OF STRONTIUM

Fig. 1 shows the Sr+ ion signal as a function of the laser wavelength between
559 and 567 nm. The resonance at 560.7 nm can be assigned to the two-photon
resonance with the 5p2 3P2 state (13), (14). Upon the absorption of a third
photon, either a continuum 5s cl or configurations with a 5p or 4d core (due
to electron correlations) can be reached. This illustrates the simplest "core"-
excitation effect in multiphoton ionization of an alkaline earth, namely a
resonance with a bound two-electron state. These resonance can be Stark-
shifted by the laser field in much the same way as single-electron states as
shown on Fig. 2 where the shifts of the two-photon resonances with the 5p2 3P0
and 5s 5d 3D2 can be compared. The resonances A, B, C, D on Fig. 1 have been
assigned to three-photon resonances with autoionizing states with J = 3 (13),
lying above the ionization limit. These states can autoionize to a 5s El conti-
nuum : this is the second "core"-excitation effect : resonances with final
states in the continuum, which can be sharp as in the above mentioned cases,
or much broader (6) depending on the autoionizing rate of the state. In theory,
this rate can be strongly modified by interferences between the configuration
interaction and the dipole coupling to the same continuum (10). However no
experiment, so far, has been able to demonstrate this effect. One of the rea-
sons for this failure might be that the autoionizing state is also coupled to
other continua by absorption of one more photon. For instance states belonging
to the 5p nl and 4d nl configurations can be coupled to 5p cl and 4d cl conti-
nua, thus leaving the ion in the excited states 5P1/2,3/2 or 4D3/2,5/2
respectively. That such processes do exist is demonstrated by electron spectra
of Fig. 3 and Fig. 4. Fig. 3 shows an electron peak associated to the process
labelled (4) on Fig. 6. This process is identified not only by the electron
energy but also by the threshold behavior clearly displayed on Fig. 5 (15).
Furthermore, the study of the wavelength dependence of electron peaks (4) of
Fig. 3 and (3) of fig. 4 shows that the autoionizing states reached upon the
absorption of the third photon are inducing resonances for the four-photon
absorption processes (3) and (4) on Fig. 6. This is the third "core" excitation
effect mentioned above, namely resonance on an intermediate two-electron state
in multiphoton ionization of alkaline-earth atoms. To conclude this section,
let us remark that four-photon ionization leaving the ion in the ground state
(process (2) on Fig. 6) (so-called Above-Threshold Ionization (4), (12) is
much less probable than the processes just discussed, as shown by the small
component (2) in the spectrum of Fig. 4. In other words, transitions involving
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FIGURE 1

Sr+ ion spectrum taken at 10 GW.cm
(full curve) and 50 GW.cm -2 (broken
curve). The peak between B and C is a
two-photon resonance with the two-
electron state 5p

2 3P2 while peaks A,
B, C, D are three-photon resonances 567 568 569 570 571 572
on autoionizing final states (13).

Wave kength m

FIGURE 2
Intensity effects on two-photon reso-
nances with a two-electron state
(5p2 3P) and a single electron state
(5s 5d 3D2 ).

the excitation of a single electron above the ionization limit are much less
probable than transitions involving two excited electrons. The reason for this
is certainly that the single-electron excitation channel (5s

2 - 5s5p - 5snl -
5sn'l') is less probable than the two-electron excitation channel (5s2 - 5s5p -
5p2 - nl,n'l') due to the proximity of two-photon resonances with the 5p

2 3p

states and of the three-photon resonances with, for instance 4d 4f states.
Although the transitions leaving the ions in excited states 5P1/2,3/ 2 or
4D3/2;5/2 (after absorption of four photons) imply the absorption of one photon
above the ionization limit, they are of a different nature than Above-Threshold
Ionization in single electron atoms (12). The probability of process (2) (see
Fig. 6) relative to the three-photoioniLation is quite comparable to the cor-
responding transitions (5-photon and 4-photon ionization respectively) observed
in Cesium (12).

In conclusion, it can be said that single multiphoton ionization of Stron-
tium can exhibit several "core"-excitation processes. In our case, it seems
that the two electrons keep comparable levels of excitation, rather than one
being excited while the other one remains a spectator, but the use of other
wavelengths could have produced the reverse situation, for instance by reso-
nantly exciting Rydberg states 5s np. Finally it should be pointed out that
photoelectron spectroscopy and laser tunability are very valuable tools in
understanding these processes since information obtained from intensity
variations is seldom unambiguous.
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Electron energy spectrum taken at 100 Electron energy spectrum taken at 2.8
GW.cm- 2 . The numbers in parenthesis TW.cm-2 showing electrons from the
refer to processes shown on Fig.6. second ionization (5) and from ATI (2)
(One volt acceleration has been added (see Fig. 6).
to the kinetic energy of the elec-
trons).

4. MULTIPHOTON DOUBLE IONIZATION OF CALCIUM AND STRONTIUM

Two mechanisms have been proposed from the beginning (see references in (6))
to explain the formation of doubly charged ions when an atom A is irradiated
by a strong laser beam : either a "direct" multiphoton absorption from the
ground state of the neutral atom (A - A*+ ) or a two-step process (A - A+ ,

A+ - A++ ) althouqh it is not always clear how to experimentally distinguish
uetween the two processes when a single laser pulse is used. The intensity
dependences of the singly and doubly charged signals can sometimes partly
answer the question as in the situation illustrated by Fig. 7. At 532 nm in
Calcium (16) Ca++ ions appear only for intensities higher than 7.1011 W.cm-2

(average power 10 mW) at which the Ca+ ion signal is completely saturated : it
means that practically all the neutral atoms in the interaction volume have
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Sections 3 and 4.

FIGURE 5
Wavelength dependence of component (4)
around 5P11 2 and 5P3/ 2 thresholds.

been ionized during the first part of the pulse and that Ca++ ions can be formed
only from Ca+ ions. This is clearly a two-step process although there is still
not enough information to know if the Ca+ ions are in the ground state or in
some excited state. In principle, one could measure the slopes (d log Ca++I/
d log P) to determine the number of photons absorbed in the transition but the
precision would not be sufficient for an unambiguous determination. A more
complex situation is met at 1064 nm (Fig. 8). The two ions signals not only
appear at the same intensity but have comparable intensity dependences and
amplitudes. It can only be said that the double ionization probabilities are
much larger than what could be estimated on the basis of what has been measured
for non resonant ionization of alkali (for a more quantitative argument see
ref. (6)). However many reasons can be invoked to explain a large cross-section
for instance a resonance can occur in the double ionization process and not in
the single ionization. Such a resonance is shown on Fig. 9 obtained by scanning
the wavelength of a picosecond dye laser (16). Unfortunately, due to Stark
shifts and broadening of the line, it is not easy to assign it without uncer-
tainty. In particular, it is not possible to decide if it is a resonance with
doubly excited state, as described in Section 3, or a resonance in the ion
spectrum, i.e. between two states of the ion*. In the case of Strontium, Fig. 10
shows the Sr++ ion signal as a function of the laser wavelength between 559 and
567 nm. They all can be assigned to resonances in the ion spectrum either bet-
ween ground state and excited states (1) or between excited states (II), (III).
Additional proof of these processes has already be presented in Section 3 by
identifying the corresponding components in the photoelectron spectra, namely
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Wavelength depenoence of the Ca++
signal at two different intensities.

components (5), (6), (7) in Fig. 4 and Fig. 6 together with the threshold depen-
dence of Fig. 5. Therefore, it seems that the most probable mechanism producing
doubly ionized Strontium is the following : the two outer electrons are excited
on low-lying di-electron states by absorption of the first three or fOLr pho-
tons. These states (auto) ionize rapidly towards continua 5s EA, 5p El, 4d Fl

while the remaining electron is removed by absorption of additional photons in
a transition which can be resonant. Resonances appearing in the first step
(Fig. 1) do not show up in step (2) (Fig. 10) because of the larger intensity
used to detect Sr + ions (60 GW.cm-2 ) which is enough to saturate the spectrum
of Fig. I. There is no evidence, so far, in such experiments for the excita-
tion of high lying di-electronic states (double Rydberg states) although these
states have probably some influence at least for wavelengths outside the ionic
resonances (1), (I) and (11) of Fia. 10. Moreover, resonances on double
Rydberg states have been shown (18) to be much smaller than the ionic resonances
like the ones showing on Fig. 10. If no special care is taken to selec-
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Sr2  ion spectrum taken at 60 GW.cm
-2 ,  "Avoided" threshold behavior in 5-6

photon ionization of Sr+ .

tively excite such states, the most likely path towards double ionization is
the one just mentioned. Another way to state this is to say than resonant
processes like (1) + (5), (3) + (6), (4) + (7) on Fig. 6 are dominant over non
resonant processes like the one labelled (8) (17). In order to preferentially
observe the latter, the best way would be to excite so-called Wannier states
(18), (19) but there is no efficient scheme to do that, so far, mainly because

their positions are completely unknown.
In the tuning range of Rhodamine 6 G, the threshold at which the 5-photon

ionization of 5s S1/2 of Sr+ becomes a 6-photon ionization, can be crossed
(562 nm). By monitoning the corresponding photoelectrons (peak (5) on Fig. 4)

as a function of the laser wavelength one could expect to observe a threshold
behavior similaro the one reported on Fig. 5. The peak (5) should disappear
as soon as the energy of 5-photons becomes large enough to ionize Sr

+ and be

replaced by a very low energy component. Fig. 11 shows the experimental result.
The arrow shows tae theoretical position of the threshold, and obviously no
threshold behavior is observed. This interesting enough "avoided"-threshold is
probably due to Above-Threshold onization : the wavelength dependence of the

electron peak is expected to be that of the 6-photon cross-section when the
5-photon intermediate state crosses the continuum limit (15). Due to the con-
tinuity of the wavefunctions for Rydberg States when n - - and continuum
states when k 0 there is no rapid variation of this ATI cross-section when
crossing the continuum limit (20). Here, due to the high intensity used
(2.8 TW.cm-2) six-photon ionization takes place even when 5-photon ionization

is possible.

5. MULTIPHOTON TRIPLE IONIZATION OF CALCIUM

We have observed triple ionization of Calcium for the first time usin a
YAG laser with intensities of about 1013 W.cm-2 (1064 nm) and 1012 W.cm-2

(532 nm) as shown on rgy cpn e Fig. 8. These processes require respectively
60 and 30 photons and there is, so far, no known mechanisms to explain this
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ionization. Since the experimental data is very poor it is very difficult to
guess a reasonable explanation. We would just like to mention that ionization
of Ca II is comparable to ionization of Argon (21) and to double ionization of
Na and K as observed in (22). Understanding of this process obviously require
more experiments.
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Studies of multiphoton ionization of atoms have revealed several unexpected
characteristics. The nonlinear coupling of 193 nm radiation to a range of
atomic and molecular materi Is has been experimcntally explored up to i
maximum intensity on the order of nu 10

7W/cm 2 . On the basis of observations
of ion charge state spectra and electron energy distributions, the experi-
mental evidence points to an ordered atomic motion involving several elec-
trons, possibly an extire shell, as the main physical mechanism governing
the coupling. Therefore, states representing miltiple excitations appear to
play a central role in the coupling, a consideration that fundamentally dis-
tinguishes the nonlinear interaction of a multielectron atom from that of a
single-electron system. In the important regime, for which the radiative
field strength E is greater than an atomic unit (e/ag), the interaction can
be viewed in approximate correspondence with the physics of fast
(', 10 MeV/amu) atom-atom scattering.

1. INTRODUCTION

Studies of multiphoton ionization involve the examination of the general
class of reactions denoted by

Ny + X _ Xq + + qe-. (1)

Of particular significance, are the ion charge state spectra (Xq+) and the elec-
tron energy distributions produced in the interaction. Certain aspects of both
of these types of data obtained with 193 nm radiation are discussed below.

Among the most important results is the finding that a multielectron atom,
under intense irradiation with a coherent ultraviolet wave, having an electric
field magnitude on the order of an atomic unit (e/ag), exhibits a nonlinear
response which is fundamentally different from that of a single-electron system.
Furthermore, it can be shown that the interaction has, in several important
respects, features in common with fast (', 10 MeV/amu) atom-atom and ion-atom
collisions(i). With the conclusion that a sufficiently strong radiative field
can simulate the electronic environment corresponding to energetic atomic en-
counters, it follows that highly charged ions (2-4) arising from multiple elec-
tron ejection and inner-shell (5,6) excited states should.be directly produced
by atom-field interaction.

2. DISCUSSION OF RESULTS

Multiple ionization of atoms under collision-free conditions has been observed
to occur readily with sufficiently intense irradiation at optical (3) and ultra-
violet wavelengths (2,4). In particular, it was found (2,4) that the heavier
atomic materials often presented the strongest coupling. In the ultraviolet
studies, which were conducted at 193 nm, the highest charge state observed was
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U10' , a species requiring the transfer of more than 630 eV of energy(7), or
equivalently, a minimum of 99 quanta. An an example of the data taken on ion
charge state distributions, Fig. 1 exhibits the results obtained with atomic
thorium, a material that was studied with the use of an experimental technique
involving laser-induced evaporation (8) to provide the sample.

C

Th7+

m h4+

~Thh
I-.

Z 3 4

2

z TT3I -2 F'* 0c -

TIME-OF-FLIGHT '

FIGURE 1
Time-of-flight ion spectrum of thorium produced under collision-free conditions
with 193 nm radiation having a pulse width of n 5 ps and an intensity in the
range of 1ol - 1016 W/cm 2 . The Th+ peak is not shown. Impurity peaks arising
from N2' and 0' are also evident.

A significant implication (4) of the ion production experiments was that the
atomic shell structure is a principal determinant of the observed nonlinear
response. Indeed, the hint provided by the role of the shell structure led to
the hypothesis that it was mainly the number of electrons in the outer subshells
that governed the coupling. A measurement of the response of elements in the
lanthanide region enabled this view to be checked. As one moves from La (Z = 57)
to Yb (Z = 70) in the lanthanide sequence, aside from slight rearrangements (9)
involving the 5d shell for Gd (Z = 64), 4f electrons are being added to interior
regions (10) of the atoms. The data showed (4) that for Eu (4f76s2) and Yb
(4f146s2 ), which differ by seven 4f electrons, these inner 4f electrons play a
negligible role in the direct radiative coupling, a fact that is in rapport with
the observed dependence on the outer-shell structure.

A measurement of the electrons produced as a consequence of the ionization is
also informative. In particular, on the basis of studies (11) of the electron
energy distributions produced with 193 nm radiation, the excitation of inner-
shell levels may have been established by the observation (5,11) in Xe of high
energetic electron lines, which have been tentatively identified as N4500 Auger
electrons arising from 4d vacancies. The Auger photoelectron features appear
in the range from 8 to about 40 eV at a laser peak intensity of V 101 SW/cm 2 .
The most prominent lines are those associated with N4 50101 transitions of neu-
tral xenon which terminate on the 4d'0 5s'5p6 double-hole state. A total of
eight electron lines is observed (5,11), representing a quartet of pairs of
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transitions, all of which exhibit the known (12,13) 4d3/2 - 4ds/ 2 fine structure
splitting in xenon of -u 2 eV.

The results on the 4d-shell excitation in xenon are significant, since theore-
tical results obtained by quantitative calculations (14) based on the time de-
pendent Hartree-Fock method confirm (i) the fundamental character of the atomic
motion, represented in the analogy with fast atom-atom collisions (1,15-17), and
(ii) provide quantitative agreement as well. For the latter, the intensity
levels at which 4d Auger electrons should be observable in xenon correspond,
within a factor of approximately two, for both (1,6,14) theoretical approaches.
Importantly, these results are also in accord with the experimental figure (5,11)
to within the same rather small level of uncertainty.

The Xe electron energy spectrum exhibits another salient change with increas-
inc intensity of the 193 nm radiation in the range of 1014 to 10?S W/cm 2 . The
first ionization line, which corresponds to two-photon absorption with a corres-
ponding photoelectron energy of 0.7 eV, nearly disappears, while the three-
photon process, arising from continuum-continuum traositions (18-20) develops
greater strength. The suppression of the lowest order photoelectron line can be
understood as arising from the influence of the pondermotive potential (19-22)
and predicts that the 0.7 eV line in xenon should vanish at an intensity (21)
of 2 x I014 W/cm 2 , a value in reasonable agreement with the experimental figure
(5,6,11).

Another important characteristic of the 0.7 eV feature is the width of the
line in the range of intensity below 2 x 10" W/cm 2 , since that line breadth can
be interpreted in terms of the lifetime of the excited atomic level that is im-
bedded in the ionization continuum at the energy corresponding to two 193 nm
quanta (', 12.8 eV). This width, which is measured (11) to he 0.2 eV with an
instrumental resolution (5,11) of . 4 x 10-2eV, corresponds to a lifetime of
T ' 3.3 x 10-5 sec, a duration on the order of n 5 periods of the ultraviolet
wave. TIis lifetime T can be compared with the one estimated from the transi-
tion rate calculated (Z3) by standard perturbation theory for two-quantur . -
sorption at 193 nm in xenon. At an intensity of 1014 W/cm 2 , the lifetime that
results is , 1.2 x 10-' 5 sec, a value approximately three times shorter than
that characteristic of the measured width (11) at the comparable intensity of
irradiation.

On the basis of the observation of Auger lines in the electrooi spcctrum
characteristic of the neutral atom and the disappearance of the lowest order
photoelectron feature at 0.7 eV, it appears that a considerable fraction of the
neutral atoms in the focal volume of the 193 nm laser beam are exposed to the
peak intensity of the laser pulse (21).

3. MECHANISM O% *LING

From an analysis of the data now at hand, the following hypothesis can be
considered as an approximate description of the basic character of the elec-
tronic motions involved in these processes. Overall, the data strongly indi-
cate that an organized motion of an entire shell, or a major fraction thereof,
is directly involved in the nonlinear coupling. With this picture, the outer
atomic subshells are envisaged as being transiently driven in coherent oscilla-
tion by the intense ultraviolet wave. With this type of electronic motion, the
observed increase in the multiphoton coupling strength can be qualitatively
correlated (4) with the larger magnitude of the effective charge involved in the
interaction. In quantum mechanical language, an oscillating shell wou'i be re-
presented by a wave function cf a multip'y excited configuration.

The coherence of the electronic motion in the outer region of the atom has
important consequences for the coupling of energy to atomic inner-sheils. In
terms of a simple model, it has been possible to describe this interaction (1)



754 U Johann et aL

by correspondence with certain properties of fast atom-atom collisions (15-17).
Formulated in this way, the atomic inner-shell interaction can be viewed as a
form of dynamic configuration interaction in which the fields of the partici-
pating outer electrons sum constructively. Constructive addition naturally
results if the scale of the momentum transfer tq communicated in the interaction
is sufficiently small so that the length 11/Aq is greater than the spatial scale
of the scattering system. The physical origin of this effect is the same as
that which generates the coherent forward scattering (24) observed in nuclear
collisions (25).

4. CONCLUSIONS

Basic physical studies of collision-free nonlinear atomic processes, through
an analysis involving combined measurement of ion charge state distributions
(2,4), photoelectron energy spectra (5,11), and photon spectra (6,26-28) arising
from intense ultraviolet irradiation, oave produced data that strouyiy indicate
that multielectron atoms respond in a manner basically different from single-
electron counterparts. The confluence of the evidence suggests that, under
appropriate circumstances, the outer atomic subshells can be driven in coherent
oscillation, and this ordered electronic motion can, by direct intra-atomic
coupling, lead to the rapid excitation of atomic inner-shell states. Quantum
mechanically, such states of motioti for the outer-shell electrons would be des-
cribed by multiply excited configurations. Two direct consequences of this type
of motion are (i) that the maximum magnitude of the oscillating intra-atomic
electric field can approach several atomic units, since the fields of all the
participating outer electrons combine constructively, and (ii) that the harmonic
content of the resulting field can, because of the nonlinear character of the
electron-electron 1/r2 coulombic interaction, become large. A strong, highly
nonlinear coupling to the atom results, and enhanced rates of nonlinear absorp-
tion leading to multiple ionization and inner-shell excitation are expected.

In the near future, ultraviolet laser technology will enable basic physical
studies to be performed in the 1020 - 1021 W/cm 2 range with pulse lengths on
the order of % 10'3 sec. At such an intensity, the peak electric field of the
coherent driving wave approaches the unprecedented value of " 100 e/a . In such
an extreme environment, it is likely that physical processes never previously
observed will be detected. This would include certain mechanisms involving the
production of electron-positron pairs (1).
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MUL FIIHOTON SIRIPPING OF ATOMS

Michele CRANCE

Laboratoire Aime Cotton, C.N.R.S. 11,
Bat.505. 91405 Orsay cedex, France

Multiphoton stripping o+ atoms seems to concern only outershell electrons. The
formation of multicnarged ions results from the competition of direct and
steowise processes. The pulse duration and the number o+ photons involved are
the essential parameters. Depending on the intensity required to saturate sin-
gle ionisation, different behaviours are observed: in weak field. resonance
structure is observed; in strong field. the memory of the energy spectrum
seems to be "lost" except for the characteristics ot the initial state. [he
distribution of charge states can be calculated from the knowledge of in-
nisation potential and electronic orbital size.

! INIODUCtION

aormatior ot multiply charged ions by multiphoton absorption is observed
when an atom is irradiated b) a strong light field. Evidence of this process
ras oeen giyen ten years ago by pioneer experiments on alkaline earths and ra-
re earths i1). The simultaneous emission of singly charged and doubly charged
icns has been detected for Strontium '13. barium i2), turopium (3) excited by
e Neodvmium YMA laser delivering nanosecond pulses of intensity up to
I-. t rm

- 
at v4t I cm

-
. In the same conditions, no doubly charged ions have

teen detected tor Samarlum 14, Calcium '5), Magnesium and Lead (3. Following
this first experiment, several studies on barium %o-&) and Strontium t1t'-l')
nave crovided a number ot results on the behaviour o alkaline earths excited
0, nanosecond light pulses. Additional informations have been given by recent
experiments using picosecond pulses i14,15). Man! results obtained for nanose-
cond pu.ses excitatia)n haie, in fact, been confirmed by the latter work. Qua-
:itati.,eiy, the behaviour of alkaline earths is very similar to the behaviour
ot allkalis and reflects the typical features o+ multiphoton processes in atoms
ec jt' b. a light field of moderate intensity 1i).

i'erntl,. a series 03 experiments carried out on noble gases and some other
comple toms h,'e shed a new liqht on multiphoton stripping of atoms. For no-
,ie qse. seeral charge states are observed :up to five for excitation by a
tiecd u i' . 3±5 laser '-cc' or a LU laser t23 .24), up to eight for U.V. e;ci -
taton b. an eccimer laser 2h-2). However, for Laesium, only the singly
crarued ion is obtained even if the intensity is increased up to 1013 W cm-2 .
Lperimental data show that the intensity required to remove several electrors
ix hardly laoer than the intensity required to remove one electron, as long
as oute shell electrons are concerned. Howe.er. the range of intensity requi-
red for observation of single ion varies strongly with atoms. As we shall dis-
CuSS it ie.:t cection ,the eiticiency of e.xcitation can be characterlsed by the
Eaturation intensities Lett; for a pulse of duration t. For picosecond pulses
deliverel by a Neodymium rHb laser, saturation intensities are o the order of
1,.11 W :m- for allalis and alkaline earths, a few l' W cm

-
1 for noble qa-

sea.
f-or all the species studied, everything happens as it only outershell elec-

trons were involveo in multiphoton absorption process. However, strong di+fe-
rences between two outershell electron atoms and more complex atoms appear
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which are related to the diterence in intensity required for ionisation. Two
types at behaviour are observed:
- a "weak field" behaviour whicn reflects the detail o the energy spectrum
and can be analysed in the frame work of perturbation theory,
- a "strong field" behaviour where the memory of the atomic spectrum seems to
be "lost" except for the characteristics Of the initial state tenergy and size
of the electronic orbitals).
In next sections, we shall present both points o+ view and discuss what mecha-
nisms can be considered as responsible for the formation of multicharged ions.
Most observations on alkaline earths correspond to a "weak field" behaviour
while most observations on noble gases correspond to a strong field behaviour.
However, both points of view must be considered for a better understanding of
all experimental data.

- MULIIPHON STRIPPING IN WEAK FIELD

In the dressed atom picture, the evolution of the system atom plus field is
goerned by the Hamiltonian H = Ho + V , where H% = HA + H. . H. is the field
Hamiltonian. V is the atom field interaction. HA is the atomic Hamiltonian: HA

describes the interaction o the nucleus plus its Z electrons and thus, the
eneroy spectrum Of HA contains the states o+ the neutral atom as well as the
states of multichargeo ions plus ejected electrons. the resolvent of the un-
perturbed system is buo-) = tz-Ho)

-
' . the initlil state. Ig . is the neutral

atom dressed b N photons. its energy is Eg. the transition probability to

state It i= oi ten ov

i)t 1 k t.boItv) If 1 (1)
q

!n this formuia, It is supposed to be a continuum state with energy E., that
;s an, state above the first ionisation threshold dressed by the suitable num-
:er of photons. when perturbation theory is applied at minimum non vanishing
order, onlv the lowest term of V expansion is kept in Eq.1. q is then the m:-
nimum number o photons required for energy conservation. For an atom with io-
nisation potential Lo, irradiated by a light field of frequency -. the minimum
Pumber of photon absorption required for single ionisation is n, the integer
;srt of k. lonisation probabilitv calculated at minimum non vanishing
order is obtained by taking tor If, the singly charged ion in ground state
and an electron of energy nhi',-L,. t order q n. difterent types of terms ap-
per in Lq.l. frarsition probabilities for above threshold lonisation are ob-

teined b, taking for it the sinoli charged ion in ground state and an elec-
trcn with enere, intq'h-,-Eo. another possibility for If.: is the singly charged
ion in e'cited state with energy 

t
q and an electron with kinetic energy qbci.-E

the corresponding processes lead to single ionisation. Line can also take for
it a state belonging to a continuum Of multiple ionisation. (ll the probabi-

lities mentionned abo-,e correspond to competing processes which lead to the
depletion nt the ground state o neutral atom. unce an ion has been created.
;t interacts with the light field and may eject one or more electrons after
mjltipncton absorption. Ihe probabilities tar such processes are calculated by
exuations similar to Eq.l.

-or the tate ot simplcit-, we shall neglect the formation o ions in exci-
ted states. It is thus possible to calculate a set of probabilities Fl-I),

with a b, correspondino to the transition H- -- 4&. the probabilities for
an atom t: re neutral. I... or in charge state q, N., at time t. are governed
c. rate eQuations inclvinq the probabilities P',b defined above t33):
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No = (Po + F',, +. No t2a)

N, = Po No - (P,2 P,, +...) N, (2b)

the hierarchy at Eqs.2 can be solved formally for any pulse shape. However in

order to understand the most important features of the process, we shall dis-

:uss the solution at Eqs.2 under some simplitying assumptions. We suppose that

the P s are calculated by perturbative treatment at minimum non vanishing or-

der and thus the following treatment will be valid for moderate intensities

only. For the sate at simplicity, we consider a rectangular pulse shape with

duration t. the solution at hq.Za is

No = exp-& 1o + Po2 +...iT) (Li

From hq.3, we detine the saturation intensitv for single ionisation, Is by

'P. tl) + Po l) +...? t = 1 (4)

For intensities I, smaller than I., the solution at Eqs.2 reduces to

NIt) = Poe t

N21t, = Po2 t + Po F,, t
2

/2 t5i
N1tt) = P- t + (Ho, Prs + Po 2 P'23 ) t i2 + Pol P, P23 tz/

[he time-dependence reflects the nature at the contribution to each N: contri-

bution at direct process is proportional to t, contribution of two-step pro-

cess is proportional to t
4
, contribution at three-step process is proportional

to t'... Muiticharged ions are formed by several competing processes. For dou-
bl charged ions, direct and two-step process are possible. They correspond to
tne transitions: M --. A-, for direct process and A -- , A' followed by

H- for stepwise pro-ess. -or a given intensity, the ratio of the can-
tributions at both processes depends on t. Direct process is favoured by short

pulses, the variation of doubly charged ion yield with the pulse duration has

beer studied experimentally tr Xenon excited by the first harmonics of a Neo-
dvn)um 1f46 Jaser I,. For 5ps pulses. Xe- is detected beiore single lonisa-
tion saturates, while for zs'.ps pulses, xe- is observed only for an intensity

larger than saturation intensity of single ionisation.

Direct and stepwise processes do not necessarily involve the same number of
photons. Defininq E, as the energy ditterence between the ground states of A,

end H" . the number of photons required for direct process is n0 , the integer

part O (b
0
+E/i.f,+i. (he number o+ photons required for stepwise process is

n, + n where n, is the integer part at Eo/hQ +l and n- is the integer part of

/M..+l. In a direct process, two electrons are ejected at the same time, sha-

ring the energy

ev = n 0 , - E, (a)

In a stepwise process, two electrons are ejected successively, the energy of

the first electron being

l= n.M._ - E.(71
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Ihe energy of the second one is

e= = nzl.x - 8)

It el , eD. the same number ot photons is involved in the stepwise and the di-
rect process: no=nt+n 2 . If el is already larger than eD, the second step re-
quires one more photon and n.+nz=n0 +l. In the latter case, the competition
between direct and stepwise processes is also the competition between two pro-

cesses at different order. In weak field, the most probable process is cer-

tainly the one requiring the smallest number of photons.
There is a more fundamental difference between direct and stepwise proces-

ses which is related to the coherence of sucessive photon absorptions in a
multiphoton process. In a direct process, no photons are absorbed simultaneou-
sl'. In a stepwise process. ni photons are absorbed simultaneously and then,
at any time later in the pulse. n2 photons are absorbed simultaneously. It is
possible to study coherence properties o+ multiphoton absorption by using pul-

ses with diferent statistical properties 134). It has been shown that the ion

yield obtained with chaotic light is larger than the ion yield obtancd with
coherent light by a factor of n' for a n-photon process. In the same way, dif-
ferent enhancements are expected for drect and stepwise processes: no' and
n, 'nz respectlvelv. both processes could be distinguished by another method:
the study of time correlation between emitted electrons.

In the previous discussion, we have considered that the intensity was weak
enough for a perturbative treatment at minimum non vanishing order to be va-
lid. Ihe validity of this assumption can be tested by measuring, for each pro-
cess, the effective order of non linearity. I. In a log-log plot, k is the
slope of the curve qiving the number of ions in charge state q as a function
at the tield intensity.

lable 1:

Etfective order of nonlinearitv for single ionisation.

species ni frequencv(cm
-  

reference

a5 4.uto.l '945(; 3

br b.v±0.2 9450 3
Eu 5 5.out).2 945Q
La 6 5.9±3.I 9450
M2 b. uo0.3 945o
Pb 5.9±t.2 945v 3

Sr 5 5.61l 9395 11
br b 5.6±l 9395 11
Sr 3 3.5*1 18790 11
Sr - 2.±0.3 28185 11
r 61.bo.4 37580 11

xe 11 I0.Q80.5 9395 17
Vr 13 12.9±1.5 9395 17
ir 14 13.6b±.7 9395 17
Ne 19 19.t2 9395 17
He 22 21.±2 9395 17
Xe 6 b.to.5 18790 19
Ne 10 9.6±0.5 1879v 19

As shown by the data given in fable I. the effective order of non linearity
measured for singly charged ion yield is approximately equal to the number of
photons required for thie transition A -- ;. A

.
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When doubly charged ions are observed, two types of curves are obtained de-

pending whether they are detected above or below saturation intensity for sin-

gle ionisation. In the latter case, one expects direct process to occur and

the effective order of non linearity to be equal to nD (see Table 2). In the

former case, doubly charged ions are produced by stepwise process and the ef-

tective order of non lnearity is to be compared with n2 (see Table 3).

table 2:

Effective order of non linearity for double ionisation by direct process.

species n0  k frequency(cm
- 

) reference

Ba 15 2.9 9450 3

S_ 15 10.1 9450
Eu 14 4.9 9450 3
Sr it 8. 9395 11

Sr 4 3.7 3758k 11
Xe 1b 15. 18190 20

1Uble 7!:
Etfective order of non linearity for double ionisation by stepwise process.

species n2  k irequency(cm-1 reference

Sr 5 5.5 18790 11

Ne 18 1/. 18790 19

The structure ot Eq.l allows one to relate the orders of magnitude of proces-
ses involving dlf+erent numbers of photon absorptions. When no interference
(constructive or destructivej occurs, the ratio between the probability for a

process involving q photons and a process involving q-l photons has a typical
order ot magnitude ot r 1.

- 4 
I, for an optical frequency (I is expressed in

W cm-'. When Above Threshold lonisation or stripping is detected, it means

that processes involving more than n photons have become noticeable. Due to
the magnitude of r, one expects to observe high order processes in two situa-

tions, either the intensity is large, this is the case of experiments on noble
gases, or one of the quantum paths leading to a high lying state is enhanced
by a resonance, this could be the situation for alkaline earths. Systematic
studies of ion yield as a function of frequency have shown a structure of re-

sonanrces which have not been always identified. According to the previous ana-
lysis, when direct process is detected, one expects to observe resonances with
doubly e;cited states lying above the first ionisation threshold. When stepwi-
se process is responsible +or double ionisation, resonance states should be-
long to the energy spectrum of the singiy charged ion. Another type of enhan-

cement might be observed at the transition between direct and stepwise pro-
cess. Let the frequency .. o correspond exactly to the ionisation threshold to
excited state a o the singly charged ion. then

el= , Q e7 = eo and n1 + n2 = nD

for this channel. For trequency , smaller than c., direct process along this
channel dominates; its probability is proportional to - and, thus, in-
creases when o tends to -*d. For frequency larger than - , the same channel
is a stepwise process which probability decreases when - increases. The re-
sult should be an asymmetric peal in A" yield.



762 M. Crance

MULTIPHOTON STRIPPING IN STRONG FIELD

In weal. tield, multiphoton processes are governed by power laws with an in-
dex equal to the number of photons absorbed, except in the close vicinity of
exact resonance. When the intensity is increased, resonances shift and broa-
den, but the resonance structure 0t the energy spectrum still survives. Light
shifts havE comparable orders at magnitude in all atoms. For strong field, ty-
picallv 10'

"
- W cm

-
', the shift ot resonances along the light pulse smooths the

resonance structure and measured ion yields hardly depend on the frequency.
[hat is the range 0+ intensity considered in this section. Most experiments on
noble gases are concerned; for alkaline earths, only the highest range of in-
tensity in experiments using picosecund pulses might correspond to strong

field excitation.
[he complexity at calculations based on first principles is so formidable

that nobody has tried to calculate non perturbative ionisation probabilities
tar complex atoms. Several authors have proposed treatments based on statisti-
cal considerations. A first approach consists in assuming that all outershell
electrons have the same probability to be ejected, this probability being ta-
ien as a parameter. [his treatment leads to a binomial law for charge state
distribution which can bp used to analyse experimental results ('5). ]his idea
has been reinvestigated recently to analyse experiments involuing different
ranges ot intenslty and wavelength 136). While the latter works propose a pa-
rametric analysis at experimental data, we have built a heuristic model, based
on semiclassical corsiderations U3i. Multiphoton ionisation consists in a se-
ries uf virtual absorptions which are equally allowed in a time T=h/E0 . The

outershell electrons appear as a target, the geometrical size 0t which is ap-
pro:inately determined by the mean radius at electronic orbitals. From this
data, saturation intensitv is calculated tr an interaction time T, allowing
the prediction o cross section tor any type at process, direct or stepwise,
in which one or more electrons are ejected.

batraticon intensity tor single ionisation has been measured for noble ga-
ses excited b a Neodymium Y G laser (17) and its first harmonics (19) and by
LU

2 
laser , [he predictions at statistical model are in good agreement

with experimental data obtained at intensities at the order of l0l W cm
-  

or
larer '3b.iv. Ine discrepancy observed tar lower intensity can be partly un-
derstooo as related to the ratio at the kinetic enL:-gy gained by the electron
and the energy ot one photon 4tu. Ixperimental data obtained with an excimer

laser on various species 2b-2d} can be interpreted by statistical calcula-
tiont ,. It is also possible to predict the energy spectrum of emitted
electrons 4z) when tenon uS; or Helium (4,44) are excited by a Neodvmium
R b laser.

-or alil sne earths, statistical considerations lead to a rough order o
magnitude far saturation intensities measured with nanosecond pulses. However,
for larqer intensities about I)u W cm-1). the relative yield of singly and
doubl; charoed ions obtained when La!cium is excited by picosecond pulses at
tihe same frequency are well reproduced by statistical calculations. Statisti-
cal models are based on the simple picture o an atom having lost any memory
at its energt spectrum between the ground state and the threshold. All these
results support the validity at this picture and suggest the use of simpli-
tving assumptions in calculations based on first principles.

4 LxNLLUSIUI

Up to now, two opposite approaches have been considered to interpret multi-

photon stripping at atoms: consideration at very weak or very strong intensi-
ties. [he essential mecanisms have been identified and jualitativelv explai-
ned. In the intermediate range ot intensity where most experiments on alkaline
earths ha been carried out, a number o+ problems remain unsolved. One at the
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reasons is the lack ot precise spectroscopic data, experimental as well as

theoretical. on doubly excited states. Experiments in progress with picosecond
pulses k15) should improve the situation shortly.
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1. INTRODUCTION

Although the rare gases and especially Xe have, for several years now,
been serving as testing ground for experimental multiphoton ionization
studies, relevant calculations1'

2 have been very rare. The complexity of
these atoms is of course the main reason for the scarcity of such
calculations. The problem can not, however, be avoided for ever and it is
our belief that one must make some attempts even if they have to be not very
accurate at first. Two types of experiments during the last three or four
years make this unattractive task even more imperative. One has to do with
above threshold ionization3 -5 or continuous-continuous 'ransitions in which
the electron keeps absorbing photons even after having absorbed the minimum
number of photons necessary to cross the threshold. These are observations
with either 1,064 nm or 532 nm radiation and intensities around 1013 W/em2 .
The other type of experiments 6 deal with multiphoton, multiple ionization
under much higher intensity (10' - 1011 W/cm 2 ) and shorter wavelengths (193
nm). Multiple ionization has also been observed' at k=1,064 nm and X=532 nm.
The atom of Xe has figured prominently in both types of experiments. For
radiation of A=193 nm, one electron is elected from Xe by two-photon
ionization and a second electron by a four-photon process. In fact the first
(two-photon) process falls within the autoionizing region between the P3/2
and P,/2 thresholds. It is at this type of process that we are aiming a
first with the undertaking of the calculations reported in this paper. The
only other calculations in rare gases, except He, that we are aware of, are
those of Pindzola and Kelly' dealing with many-body theory of 2-photon
ionization of Ar and of McGuire 2 dealing with 2- and 3-photon ionization of
- re gases using a Green's function based on a single-electron model. To
deal with the autoionizing region, however, we must include the channel
couplings which cause the wave-function to depart substantially from the
single-electron model.

As in any multiphoton calculation8 , we need good wavefunctions and a
method for performing the infinite summations over the intermediate states or
equivalently the Green's function. The latter is not practical to construct
if the channel couplings are to be included. The approach we have chosen is
multichannel quantum defect theory (MQDT) especially in the form employed by
Lu and Fano in the analysis of photoabsorpLion in Xe. The summation over
intermediate states is performed ty truncating the sum to a finite number of
terms. By employing MQDT, we cn account for the channel couplings, thus
obtaining relatively accurate matrix elements. Truncation is the price we
pay which, however, is expected to be not too serious an approximation since
none of the calculations we report fall within a deep minimum where the
complete summation becomes essential. In an, case, it is with trial and

tAlso, Department of Physis, University and Research Center of Crete,

*Iraklion, Crete, Greece
Work supported by NSF Grants PHY-8306263 and PHY-8119010.



766 P Gangopadhyay et a.

error that the level of accuracy is ultimately assessed in such complex
calculations.

This is not the place to review MQDT, summaries of which abound in the
literature

9
. For Xe, far from the ionic core, the excited electron channels

are described by jj coupling. But these asymptotic channel states ii> are
not eigenstates of the electron ion system at small distances. In that
region, close coupling elgenchannels Ia> are defined which are appropriate to
the short-range interaction. Two asymptotic channel states li> and Ij> are
connected through the Ia> - states and this connection is expressed through
the scattering matrix SiJ which can be written in term3 of diagonal matrix

elements exp(21wpra ) as

Sij = I Uia exp(21pa) Ua (1)
a

The U, 's form the so-called frame transformation matrix and the U 's are the
eigenpRase shifts of the scattering eigenstates ja>. In a heavy a~om like
Xe, where the spin orbit interaction is strong, the main contribution to Uia
comes from the (LS/jj) transformation coefficients. The spin-orbit
interaction in Xe gives rise to two ionization thresholds 13/2 and 1,/2

labelled by the j of the residual ion which is either P 3 /
2 

or P,/
2
,

respectively, with I3/, being energetically lower. In the MQDT formalism,
the final state of the excited electron plus ion system can be written in
terms of kno,4n functions, if the parameters U. , ,1 and 13/2 are known.
They can be determined from experimentally obiinea spectroscopic data or, in
principle, by ab initio calculations. In this paper, the parameters are
obtained from experimental information through the Lu-Fano'

0 
plots or

extrapolations thereof.
The final electron state is expanded in terms of the usual angular

momentum partial waves with somewhat different expressions being necessary
inside the autoionizing region (extending from 12.20 eV to 13.45...eV) and
outside where all continuum channels are open. In the open region, the
expression for the total (angle-integrated) transition probability is given
by

f(N) (N ii
N (0) d g2 = (4 ) 1 D ( e- ua U t

fg k i
1

a ai C 3/23 +

(2)

+ ()4)2 D(N) e-iTPa U
t  

2

0 al [J = 1/2]

D(N) (N)
where D = <air jg> is an Nth order dipole matrix element connecting the

a
ground state with the channel states ja> which obey <a/i> = U

t 
. The

incoherent summation over core final states J is included undi the
assumption that only the electron is observed. Simultaneous rbservation of
the ion state corresponds to only one of the terms in Eq. (2).

For the expressions inside the autoionizing region, we need a third set of
channel states pp(r) which behave as open channels for large r but have bound
character for small r. This set of wavefunctions introduces another set of
transformation coefficients <p/a> = A /N where N is a normalization factor

(containing most of the energy dependence) and the coefficients A satisfy
the relations a

I Uia sin(lau- t) A 0 (3)
cta
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for all i with iTt being the eigenphase shifts of the collision eigenfunction

p. The total phase 3hift is 6p(t) = It + ip where p, is the Coulomb phase

shift of the Ith partial wave. In the calculation of the total transition

probability, the sums over p,ia and partial waves . contribute coherently.

The final expression has the form

JiM()(e)IJdil ( ) 1 D (N) A (
k p a,% a(Z) Np

j-2

6-

0

4-
z
0

U3- J-0I-

(n=

J=O J=2
V)
Cn
o02 J-2

J-0 J-2 J.

12.2 12A 12.6 12.8 13.0 13.2 13.4

FIGURE 1.

Two photon autoionizing cross section. Tctal cross section in units of cm
4 

sec
is plotted against total energy in eV. The various peaks have been identified
with various angular momenta (J) channels as shown in the figure.

The generalized cross section (gcs) BN is expressed
8 

in terms of fIM(e)I
2
ds,

K
multiplied by the appropriate constants and the Nth power of the photon

frequency. The photoelectron angular distribution is proportional to
IM(e)l12

A sample of our results is shown in Figs. 1-3. The first two figuree
summarize the structure of the two- and three-photon ionization gcs inside

the autoionlzation region. The background in both cases is of a magnitude

typical for the respective order without the deep minima found in
single-electron atoms. In 3-photon ionization, for example, the deep minima
can be as low as 10--' cm' sec2 while the background in Fig. 2 is about three

orders of magnitude larger. The main reason for the absence of deep minima
is the relatively large number of contributing channels whose interference
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z
0

211
0

".3

46- J-3

'J.3
- 12 ,Z 

,3)
W8 J:I J-1~
C9-- /

'-' '8i

(0j i i

12.2 12.6 42.6 12.8 13.0 13.2 13.4

FIGURE 2.

Three photon autoionizing cross section. Total cross section in units of cm
6

sec 2 is plotted against total energy in eV. The various peaks have been
identified with various angular momenta (J) channels as shown in the figure.

smooths out the deep minima. The peaks represent autoionizing resonances and
correspond to energies at which WT changes by 7. Each peak is characterized
by a total angular momentum J. Oniy the J=1 peaks of Fig. 2 could have been
observed in single-photon UV photoionization experiments. It appears that
the J-1 peaks at around 12.5 eV and 12.9 eV correspond to those observed by
Heinzmann''. Their line-shape, however, is not identical to that observed by
Heinzmann. There is in fact no strict requirement for a J-1 autolonizing
peak reached by a 3-photon process to have the same line-shape it has in a
single-photon process; even without taking into account laser intensity
effects which can cause distortion of a different nature

2
. Effects of this

type are not included in Figs. 1 and 2. All peaks of Fig. 1 and the J-3
peaks of Fig. 2 represent new predictions as they could not have been seen in
single-photon processes. Above the autoionizing region, the gcs for both 2-
and 3-photon ionization, has the expected smooth character with peaks
appearing when the photon frequency is in resonance with intermediate boundatomic 

states.

In Fig. 3 we show four examples of photoelectron angular distributions
corresponding to energies of selected autoionizing peaks. Each of these
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(a) E=12.602 (b) E=12.95 (c) E=13.134 (d) Ez13.068 +

J=O J=2 J=3 =1

FIGURE 3.

Angular distribution of the outgoing electron at peaks (a) and (b) correspond
to 2-photon Xe autoionizing angular distributions. (c) and (d) correspond to
3-photon Xe autoinnization The directinn of linht nnlarization is shown by
the arrow.

distributions corresponds to a peak with a different J. We find that the
main features of the distributions are determined by the order of the process
(as expected) and by J. In all of these examples, the distributions exhibit
a rather unusual form which is not typical of distributions for the same
order in other atoms. Thus the 2-photon ionization distributions show an
unusually large isotropic component while the 3-photon distributions exhibit
unusually large anisotropy. In the open continuum, the distributions tend to
be more typical, although they still retain a rother unusual blend of
anisotropy. Overall, it is clear that the distributions are fairly sensitive
to the channel couplings and as such provide a sensitive probe of the model.

The results of this and related work, whose details will be published
elsewhere, implies that multiphoton multiple ionization under intensities
above 10

3 
W/cM

2 
occurs through successive stripping of electrons during the

rise of the pulse'".
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TWO PHOTON IONIZATION OF METASTABLE HELIUM

Heilmut HABERLAND, Jens HOHNE, Michael OSCHWALD

Fakultit f~ir Physik, Universit~t FreiOurg, D 7800 Freiburg, Germany

and

John BROAD

Fakult~t fir Chemie, Universitit Bielefeld, D 4800 Bielefeld, Germany

Two photon ionization of He(2 S) and He(2 3S) has been measured using a pulsed
dye-laser. A simple theory can account for most of the observed uxperimental fea-
tures.

1. INTRODUCTION

Two photon ionisation of metastable helium atoms (He(1s2s, 2 1S and 2 3S)) has been
studied with a pylsed dye lascar. lonisation via the 3P (dipole) and 3D (quadrupole) re-
sonances in He(2-S) and He(2 S) has been measured. The ergy levels and pumping
schemes are shown sch.rrticjl, in Fig. 1. Several noteworthy features are observed:
1) The dipole allowed 2' S-3 ' P-K resonances are very broad, up to 10 A for the
highest intensities used. K Ve otqs 3 continuum state.
2) The peak shape of the 2 ' S- 3 ' P.K transition depends stronqly on the pulse shape
of the dye laser.
3) A high and flat background is observed away from the res n~nceT
4) The dipole forbidden, but quadrupole allowed resonances 2 ' S-3 "DK have nearly
the same intensities as the dipole allowed ones at resonance, but are much narrower.
5) For the triplet system some results (peak shape, structure on the red side of dipole
resonance) are not understood presently.

Some related experiments have beenIFerformed earlier.The first experiments on this
system have been performed by a group at Rice University. Their experimental set-
up is similar to oYs, only the laser intensity was about 3 orders of magnitude lower.
The Saclay group crossed a powerful Ruby las r with a He* beam and reasured total
cross sections. The experiments of the Moscow and the Bell Labs group

M 
were per-

formed with gas discharges.

2. APPARATUS

The experimental set-up is shown schematically in Fig.2. A beam of metastable He
atoms (He*) is produced in a gas discharge source. T% irqtenfity of the He* flux as
measured by secondary elfetron emission is about 10 s- sr- resulting in a He* density
of 10 cm or about 10" Torr in the ionisation volume. The background pressure is
four orders of magnitude higher. About 10% of the metastables are in the singlet state.
The mean distance between the He* atoros is about 0.1 mm. They are ionised by pho-
tons from an excimer laser pumped dye laser. Two different dye lasers are used, each
consisting of an oscillator and two amplifier stages. Unless otherwise stated all data
have been taken with a Lambda Physik FL2002 dye laser, which has a bandwidth of
0.2 to 0.3 cm and delivers energies up to several tens of mJ/pulse. An energy of
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FIGURE I
He energy levels and pumping schemes. The wavelenght of the resonant transitions are
given in nanometers.

1mJ per puJse gives a power density of about 7 MW/cm 2 for an unfocused beam and
1.5 OW/cm in the waist of the focus region for the lens used (f=6cm). The resulting
He + ions are extracted by a static electric field and mass selected via time-of-flight
in order to discriminate against background.
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BAHe

s. BEAMSPIITrER

FIGURE 2
Experimental set-up. The total ion signal is measured as a function of the laser fre-
quency and laser flux.

3. EXPERIMENTAL RESULTS FOR SINGLET He*

The total ion signal is shown in Fig.3 as a function of the laser freo1uency, for a
focused laser energy of IraJ/pulse. The broad resonance is due to the 2 S.3 P reso-
nance (501.7t nrn) in the first step in the ionization process. The sharp peak at
504 .35 nm results from the corresponding quadrupole transition. The results shown in
Fig.4 were obtained for the sam~system, but with a different dye laser: homebuilt,
Littman type, bandwidth 0.6 cm- , 70% linear polarization, cavity length a factor 2.5
shorter, higher ASE (amplified spontaneous emission) background. The line shapes of
the two dipole resonances differ somewhat, but what is unexpected, is that a dip
occurs in only one of the measurements. It is probable that this is due to the diffe-
rent temporal behaviour of the two dye laser pulses, as discussed below.
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FIGURE 3
Two photon ionization of He(21S) at a focused laser power of 1m3/pulse using the

Lambda Physik dye laser.
U,)
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FIGURE 4
The same experimental situation as in Fig.3, but for the homeouit laser. Note the dif-

ference in the wavelength scale. The better signal to noise ratio compared to Fig.3 was
due to a higher He* intensity.

4. DISCUSSION OF THE SINGLET RESULTS

The relevart levels apd transition rates are shown in Fig.5. The metastable 2 S

level is pumped to the 3 p level with the rate rF whose value is given in tne table
for 3 different intensity levels. There are four dferent decay channels for the P state

s listed below, only the first two bf.ing field dependent:
1) induced transitions back to the 2 S state leading to Rabi oscillations (up to10

during the pulse duration of 5ns),
2) ionizing transitions to the continuum,
3) spontaneous decays back to the metastable state,
4) spontanenus decays to the ground state.
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The direct two photon ionization of 21 S can be neglected. Note that the ionization
raLt is always about 4 uLdeis of magnitude reailer then the Rabi frequency. For loy o
medium fluxes it is also smaller than the inverse pulse width. The loss rate to the
ground state, which is responsible for the dip n the resonance of Fig.4, is larger the
ionization rate for fluxes less than 20 MW/cm . The relative importance of the rates
changes during the laser pulse.

r7

1 6W/cm 2  10MW/cm 2 0.1MW/cm2

F, 67 '.',z 67 Giz 6.7 Gliz Y, Y2

6- 6' 'lhz 670 Gliz 6.7 Gniz , S

F 25 Gilz 250 Mhiz 2.5 Mhz

Y - 13 MHhz

Y2 566 Mliz

FIGURE 5
Atoms in the 2 S state are pumped by laser riation to the 3 P state with the rate
P as given in the table. The 3 P state can decay via foui different chanrnels, two of
them being field dependent. Numerical values for the rates are given for three different
laser fluxes. Note that the inverse pulse width of the laser pulse is 200 MHz, compa-
rable with some of the rates.

/ )simple theoretical model has been developed to account for the experimeg t~l
data . Calculations for this system have been performed earlier by two groups ' .
Briefly two dressed states coupled to one ionization continuum are tfated. Their propa-
gation is calculated using the time independent Floquet Hamiltonian . An average over
the Rabi frequencies is performed, the result is integrated over photoelectron energies,
and the experimental arrangement is modeled closely. Especially the inhomogenous laser
field distribution is taken into account. The calculated ion signal reproduces the salient
features of the experimental signal. Fig.6 shows the calculated ion signal for a focused
laser pulse having a Gaussian time distribution of 5ns length. The pronounced deep dip
on the resonance is decreasing for steeper rise times and is absent for a nearly rectan-
gular pulse. The following interpretation results:
1) The dips in Fig.4 and 6 are due to loss of the atoms by spontaneous emission to the

ground state, which occurs during pulse turn-on, when the width of the dressed inter-
mediate state is still narrow.

2) The broad, flat background comes from the intensity maximum of the laser pulse,
where this width is large.

3) Much of the signal near the resonance maximum does not come from the region of
maximum laser intensity, but from the wings. The moderate intensity there requires
small detuning, but the number of atoms is large. This delicate structure occurs
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because the pulse length and spontaneous emission time are comparable with the time
needed to ionize.

We have so far no definite experimental proof that the dips in fig.4+6 are due to the
different time deoendence of the light pulses from the two different dye lasers. But this
is very plausible according to the theoretical calculations. The mean width of both light
pulses is the same and also there rise-time, as measured by a frst photodiode. But if
the pulse of the homebuilt laser would have a small foot ( 10- of the peak intensity),
this would be sufficient to produce the dip.

o.4
0

i1 o.

U) 0

500. 500.8 501.5 502.4 503.2 504.

wavelengtrl (nm)

FIGURE 6
Calculated signal for the experimental situation of Fig.3 and 4, assuming a Gaussian
pulse width of 5ns. For steeper rise times the dip on the dipole resonance becomes
smaller and vanishes for a near sudden turn-on of the laser pulse.

23 S- 33 P

381.02 388.97 nm

3 FIGURE 7
Two photon ionization of He(2 5) at .6mJ/pulse focused laser radiation. The broad

structure on the red side of the resonance changes for an unfocused beam, romp.Fig.8.
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5. EXPERIMENTAL RESULTS FOR TRIPLET He*

The dipole resonance 2 3 S-33
P appearing at 388.97nm is again very broad. The reso-

nance peak is asymmetry with a long tail to the red, even at laser intensities of
O.02mJ/pulse (30MW/cm). A Stark effect would shift the resonance and due to the
spatial distribution of the laser field intensity in the fc)us region would give an asym-
metric line shape. A calculation by Aymar and Crance predict a dynamic polarizabi-
lity that would shift the resonance to the blue. Their resu4 s cannot explain our asym-
metry via an AC-shift. With unfocused laser, i.e. 5MW/cm , the asymmetry vanishes,
but then there is a structured background over which the resonance peak appears. The
structure on the red side of the resonance peak exceeds the signal to noise ratio. No
known molecular transitions correspond to these peaks. Also no signal has been observed
on mass 8, so that transitions in He are improbable. It seems as if this structure is
correlated with thq asymmetry of te resonance peak at high laser intensities. The
lineshape of the 2 5-3 D quadrupole resonance at 381.01nm is determined again by the
bandwidth of the laser. The intensity dependence of the quadrupole resonance is less
than linear, indicating saturation effects.

100OHz

FIGURE 8 2
Same as Fig. 7 but with unfocused beam (about 5MW/cm ). The reproduceable structure
on the red side of the dipole resonance is not understood presently.
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THE HIGHLY EXCITED HYDROGEN ATOM IN STRONG MAGNETIC FIELDS

K.H. WELGE and A. HOLLE

Fakultit ffir Physik, Universitgt Bielefeld, D4800 Bielefeld I. F.R.G.

1. INTRODUCTION

In the physics of highly excited atoms in external electric .nd magnetic fields [1] under

sirong force mixing conditions [2], that is where the external forces are comparable with, or

larger than the internal electronic binding forces, the hydrogen atom with its purely Coulombic

field plays naturally a fundamental role. While the non-relativistic H atom in homogeneous

st, 'ic electric fields may be considered a solved problem [3], the situation is basically different

for the atom in magnetic fields with dominant diamagnetic interaction [4]. The Schrodinger

equation even with the Hamiltonian in the simplest form, H - -1/r + l/8a 2B2 r2 sin2 e is not

separable, and there apparently exists no quantitative theory for the diamagnetism of the atom

in the high n-mixing and quasi-Landau regime. Also, no experiments are known with H

around the ionization limit, or even in the lower L- and n-mixing regimes, except most recent

ones carried out in our laboratory [5].

In this paper we report some of the results of our work. Since only a fraction of the work

can be covered here, we concentrate on a few new observations in the quasi-Landau regime,

which is the most interesting and challenging one, theoretically as well as experimentally. For

more complete information we must refer to publications soon forthcoming.

2. EXPERIMENTAL

Like in our experiments with the H atom in electric fields [3], the excitation was

performed in two steps,
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11(n = 1) + VUV -. 1I(n = 2) + UV - H',

with pulsed (-10ns, 10Hz) tunab!e laser radiation in the VUV around 121,6nm and in the uv.

A crossed laser-atomic beam cunfiguration (Figure 1) was used, in which the atomic and two

laser beams are perpendicular to each other and ,he atomic beam parallel to the magnetic field.

The electric field arrargement seived to fielC ionize H' atoms and to extract electrons from

the excitation zone for detection by a surface barrier detector. Excitation-ionization spectra

have been obtained by !-cping the VUV fixed in resonance with the first excitation step and

recording signals as function of the UV wavelength in increments of typically 0.1cm 1
. The

resolution in the second-step excitation was 0.3cm-
, mostly given by the UV laser bandwidth

SDetector

Laser
Beam

Pulsed -
Electrical Field

B-Field

H -Beam

Figurc I. Scheme of experimental setup.

and to a smaller degree by the residual Doppler width perpendicular to the atomic beam.

Depending on which energy range of H" atoms was to be investigated, two different

experimental procedures have been employed. At low excitation enercies, i.e., E:-20cm -1 
H"

atoms have been detected through field ionization by applying electric fields of KV/cm

strength in pulsed fashion, after the laser excitation. At energies E> -20cm-1 a weak constant

electric field (-1 V/cm) was continuously on also during the excitation. However, %hile this
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fi.:d was stror-g enough to extract electrons from the excitation zone and also for field

ionization down to about -20cm- 1, it was still sufficiently weak so that the Stark interaction

by the electric field was small compared to the diamagnetic interaction. In this paper we are

not concerned with the experiments by the first mode of operation, that is at low energies in

the Z- and n-mixing regime.

3. RESULTS

According to the constants of motion for the diamagnetic interaction in a static

homogeneous field, i.e. the energy, parity and z-component of the angular momentum in the

final state, the excitation must be performed state selectively with respect to the magnetic

B= 6T

3
., ml -1 0-

2 --*1 2 -1/ 1/2 -/2 1/2 "'/2
2

1J E

,, i / I

-3 -2 -1 0 "1 *2 *3

Fiure 2. Paschen-Back splitting of ll(n= 1)-l(n=2) transition with linearly polarized VUV
laser radiation at about 450 to the B-field. Field Strength B=6T.

quantum number ml in all steps. At field strengths applied in these experiments the first-step

transition, HI n= 1)-. H(n=2), is governed by the Paschen-Back splitting with the LIree m,

states I mr = 0, ± 1> in n=2 (Figure 2). Each of these states was individually excited by

employing linearly polarized VUV radiation, either parallel (Ir) or perpendicular (o) to the

B-field, with a resolution of -6GHz. Starting from these i-itial states, three different types

of final states with m5 = 0 ± 1, ± 2 could be reached employing the UV radiation also either
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w or a polarized. Examples of transitions are:

Imt=O> 1mj=O>, im -+l> _ iml-+1>, and

I m= + I > : i m + 2 > . Because of the relative orientation of the UV beam and
B-field directions, the a excitation allows both Am=+ 1.ransitions. This means that in the

third case also I ml = 0 > states are excited. ltowever the transition to I m - 0 > is less

probable than I ml + 2 > by an order of magnitude. We have observed all three kinds of

final state spectra of m = 0, ± 1, ± 2 and even parity.

4-

8=6T mf=-2 even parity

c~r) zero field
V) 2ionization tirnit

2.

15
• ~ 13 inw, -J

• 100 .50 0 -50

binding energy [cm-1]

Figure 3. Excitation-ionization spectrum of the 1- atom previously taken [5] at low resolution
(~2cm-1). Excitation of final states I m= - 2 > from I n = 2, mj - 1 > with a polarized
UV radiation. Magnetic field strength B=6T.

Figure 3 shows a first example of a spectrum with I m = - 2 > (with a small admixture

of Im = 0 > ) at B=6T, previously obtained [3]. It clearly exhibits quasi-Landau resonance

structures. As to be expected from theory [1,2,61, their energy spacing is 1.5 x hwc at E = 0,

decreasing with increasing excitation energy. Figure 4 shows spectra obtained more recently

with improved signal quality and higher resolution (0.3cm-I). The measured spectra (light

line) exhibit line structure of the quasi-Landau resonances, observed here for the first time

with the H atom. The width of the sharpest features at EZ0 corresponds to the experimental

resolution limit of 0.3cm 1 , which indicates actual ionization lifetimes of these states of

Z10-11 S.

rhe solid line curves are the result of averaging the measured spectra by a Gaussian line

shape with a bandwidth of 2cm- 1 FWHM. In the spectra with mr - 0 and m - + 2 this yields
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2r
0 
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o D0 .10 .20 .30 .4 0 --.50

bindinrg energy 1crn

ST m.2 evn~ po-~Iy

- ~ ~ z03,m
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binding energy [cm 11

Figure 4: Excitation-ionization spectra of the H atom with final states
Imrn =0> , Imr -+ I> , I1n = + 2> at B-6T. Ligbt qne;measured Spectra taken
with O.3cnV 1 resolution. Hleavy line: light line spectra averaged with 2cnf1 bandwidth (see
text).
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smooth quasi-Landau oscillations with a periodicity of 1.5 x hwc at E=O. Quite unexpectedly,

however, in the mf = + 1 averaged spectrum oscillations are observed with a

"0.64 x hwc periodicty at E = 0 instead.

According to the WKB [2] and time-dependent wavepacket [61 treatments resonances with

the "normal" periodicity of 1.5 x hwc are expected when the electronic motion is confined to

the z=0 plane, i.e. perpendicular to the magnetic field. This is an appropriate approximation

for electrons initially excited to the I ml = + 2 > since the wavefunction is localized oriented

in the (z=0, x-y) plane with a node in the z-direction. This is similarly true also for

I mf = 0 > states where some part of the wavefunction is in the (z=O, x-y) plane. The

I ml - + 1 > state wavefunction however is conically distributed with an angle of 450 to the

z-axis, and has nodes along z and in the (z=0, x-y) plane. Using the time-dependent

wavepacket concept [6], the recurrence time, or the corresponding period of oscillation of an

I ml = + 1 > electron is evidently different from that of electrons bound in the (z=0, x-y)

plane by a factor 1.5/0.64. As of now, no theory is available that accounts quantitatively for

this observation, though the WKB method may be adapted to motions of electrons initially

excited to states at angles different from 900 to the z axis. Even more open is the theoretical

treatment of the fine structure of quasi-Landau states observed in these experiments.
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STATE SELECTIVE LASER DETECTION OF RYDBERG ATOMS

Wolfgang SANDNER

Fak. fUr Physik, Universit t Freiburg, D7800 Freiburg, West Germany

1. INTRODUCTION

One of the main reasons for the recent advances in the field of Rydberg atoms
is the experimentalists' ability to excite single high lying states of atoms
with tunable dye lasers. The necessity for a spectrally narrow excitation light
source becomes immediately obvious if we consider the decreasing energy spacing
between neighbouring Rydberg states for increasing principal quantum number n.
We find, for n around 50, that the excitation light source must have a
resolution AE/E z 4 x 10-5 , if we assume a typical excitation energy of about
5 eV. This is an easy task for lasers, while it is not for other excitation
mechanisms.

At the same time it appears to be true that there is still a considerable
demand for an efficient detection method for atoms in high Rydberg states, which
allows to distinguish between single n states. So far, people have usually
resorted to electric field ionization, in spite of the fact that ionization of
single Rydberg states in an increasing electric field displayes a multiple
threshold behaviour. While it is well predictable (1) this behaviour makes it
difficult or even impossible to unravel the field ionization signal from a dense
mixture of states once n considerably exceeds values around n z 30.

Experiments which suffer most from this dispair in quality between excitation
and detection mechanisms are collision experiments with Rydberg atoms. Whether
it be state changing collisions between high Rydberg states, or collisions which
produce Rydberg atoms in their final state (like dielectronic or radiative
recombination), they all require a highly selective and efficient detection
method in order to focus on the dynamics of the collision itself. Hereby the
restriction to n ! 30 is a remarkable one if we only think of "natural" Rydberg
atoms in astrophysics, where creation and collisional redistribution typically
takes place around n z 100, or even higher (2).

2. STATE SELECTIVE DETECTION BY OFF RESONANT CORE EXCITATION: THE RYDBERGFILTER

2.1 Basic principles of operation
In the following, we present a laser based detection method for Rydbergatoms

which has already shown to be state selective at n _ 30, and which is anticipat-
ed to work well beyond n = 100, provided the right lasers are used. The method
requires a strong core transition to be present in the Rydberg atom, which can
be driven by tunable, narrowband dye lasers.

It is well known that after a core transition the whole system contains
enough energy to autoionize, which is usually a very rapid process and by far
dominates the radiative decay back to the ground state of the core. As a
consequence one can, for any nonvanishing core excitation cross section, always
ionize all Rydberg atoms with near 100% efficiency, if only the product of core
excitation cross section and laser photon flux is kept sufficiently large (3,4).
Hence we are left with charged fragments, autoionization electrons and ions,
either of which may conveniently be detected to witness the past existence of
the Rydberg atoms. While this detection method is very efficient, it is not yet
state selective. The average spatial separation between the Rydberg electron and
its own core is so huge that the resonance frequency wo of the core is rather
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insensitive to the state or even to the presence of the Rydberg electron itself.
State selectivity comes in if we detune the laser from the exact core

transition frequency wo (off resonant core excitation). Energy conservation
now requires the Rydberg electron to change its orbit, where it is no longer
restricted to discrete energy values since the final state of the whole system
is continuously (though not homogeneously) broadened by autoionization. The
process has been described before as a dipole excitation of the core and a
simultaneous monopole ("shake") transition of the Rydberg electron (3,4). The
latter is simply the overlap integral<ovjvozo> between the initial and final
Coulomb wave function of the Rydberg electron, which are characterized by their
effective quantum numbers v. and v, respectively (the effective quantum number
v is the difference between the principal quantum number n and the quantum
defect P: v = n -i). Orthogonality of the Coulomb wave functions forces this
integral to vanish whenever v and v differ by an integer value. In this case
the off resonant core excitation and the subsequent autoionization cannot take
place and, hence, the Rydberg atom remains unaffected by the laser.

We can easily show that, on the frequency scale of the core transition
laser,these zero cross section points occur at frequencies W(k,vo) given by (5)

,,(kv = wo + (R/h) k (2 + k/v0 ) (1)
0 3- - -- -2

v0 (1 + k/vo)v 0 0

where k is a label counting the number of consecutive cross section zeroes, and
R/h is the Rydberg frequency, 4.1341 x 1016 sec- 1.

So far, several assumptions went into the derivation of equation 1. First, we
have tacidly assumed that we are dealing with hydrogenic Coulomb wave functions,
whose orthogonality is determined by v-v = k (k integer). Thereby we neglected
the presence of the atomic core, where tie wave function is not only strongly
non-hydrogenic, but will, in general, be not the same for the ground and the
excited core state. For the purpose of evaluating an overlap integral this is a
good approximation, since for high n the size of the core is negligible when
compared with the spatial region r , n2 (a.u.) over which the orthogonality
integral is evaluated. On the other hand, the transition from the v scale to
the laser frequency scale w is determined by the large r properties of the
potential. Here we have assumed a pure Coulomb potential without any corrections
due to the core polarization in the initial and final core state, which is
again a generally acceptable approximation for high Rydberg states. Finally, we
have neglected the possibility of direct photoionization of the Rydberg electron
by the core transition laser. This is an excellent approximation in the vicinity
of the resonant core transition frequency wo However, since the off resonant
core transition amplitude decreases rapidly with increasing detuning (3,4) one
will eventually arrive at a point where the Rydberg photoionization can no
longer be neglected, and the cross section will be influenced by interference
between the two processes.

Any of the above mentioned effects yields small corrections to equation 1,
which can be accounted for in a rigorous treatment, but which will be neglected
for the sake of transparancy in the present discussion.

Equation 1 is the basis for the state selective laser detection of Rydberg
atoms since it predicts the cross section zeroes to occur at different laser
frequencies for different initial Rydberg states v . Let us consider an ensemble
of atoms in an unknown distribution of Rydberg staes. We can easily measure the
relative population of the particular state vo by tuning a powerful, narrowband
"selection laser" to any frequency given by equation 1; in particular, we may
use the first "red" (k=-1) cross section zero. The state vo will not be affected
by the laser, whereas all atoms in other states will eventually be core excited
and autoionize. The number of remaining neutral Rydberg atoms in the state vo
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of atoms in various --. .
Rydberg states

: ' selection laser

probe Laser
(puled)

FIGURE I
A Rydberg Filter Apparatus (schematic)

may be determined from the subsequent autoionization electron signal of a
comparably weak "probe laser'. This laser is tuned to the resonant core
excitation frequency wo and thus ionizes all remaining Rydberg atoms. The
experimental setup, which has been termed a "Rydberg filter" (5), is shown on
fig. 1.

2.2 Experimental results and discussion
The quality of such a filter can be demonstrated by successively preparing

atoms in various Rydberg states and then exposing them to the Rydberg filter,
which is tuned to one particular state, say 6s32d(I0 2) in Barium. This state
has a known effective quantuim number vo o 29.334. As a core transition we have
used the 6s - 6P3/2 transition in Ba, occuring at x z 455.4 nm. The selection
laser, set to the first red zero of the 6s32d state, then had a wavelength

= 455.606 nm.
The probe laser signal, normalized to the total number of Rydberg atoms

prepared in each state, is shown on fig. 2. The curve shown may be identified
as the "transmission curve" T(n) of the filter, where we would ideally expect
T(n) = 6n 32. For all n except n = 41 the actual curve deviates only slightly
from the ideal one where the deviations can be attributed to the finite
bandwidth (0.3 cm-i) and energy flux (50 vJ/mm2 ) of the selection laser, and
to statistics. The agreement with a calculated transmission curve, taking into
account the laser properties, is generally very good for all n.

The feature around n = 41 is easily explained if we consider that, for
increasing n or vo, the cross section zeroes move closer to the central
frequency wo, as can be seen from equation 1. As a consequence, the second red
zero (k=-2) for the n = 41 state coincides with the first red zero of n = 32,
leading to the small additional transmission peak in fig. 2. Such unwanted
coincidences are expected to occur periodically for higher states v > )o;
however, they can either be neglected if only a moderate n-range is to be
investigated, or eliminated through a coarse preselection of the n-range under
consideration, e.g. by electric field ionization.

So far we have demonstrated that the state selective laser detection scheme
works satisfactorily around n = 32. While this performance already compares
favourahly with electric field ionization, it is certainly of interest to
explore the basic limitations of the new method for selective detection of much
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higher states. The most obvious limitations arise from the selection laser
performance. It can be shown that the selection laser bandwidth AL must satisfy
the approximate condition AL ! 16Rkvo-41, if the filter is to be operated in
the k-th cross section zero of the state vo. At the same time, the laser energy
flux OL must be adjusted according to L - AL- 2 for saturation of the core
transition of all other states v v . By extrapolation of the experiment
disrlayed on fig. 2 we can estimate that today's state of the art excimer or
Nd:YAG pumped pulsed dye lasers allow filter operation up to vo Z 100. Flash-
lamp pumped dye lasers may even work at considerably higher vo , due to their
lower fourier-transform limited bandwidth and higher energy f ux (5).

At the present time these considerations are still theoretical, but
experiments are under way to explore the performance of the Rydberg filter in
more detail and apply it to actual problems.

3. OTHER APPLICATIONS OF THE OFF RESONANT CORE EXCITATION

In the previous section we have investigated the possibility of preparing
atoms in specific states vo out of a random sample of Rydberg atoms, using off
resonant core excitation. With some variations the same technique may be
applied to detect other properties of Rydberg atoms with high precision, which
will be outlined in the following (see also reference 5).

First, one may address the obvious question of also measuring the angular
momentum quantum number z of Rydberg atoms. This is by far not a trivial task
for conventional detection methods, and in many cases only works if the z-
degeneracy is sufficiently removed as to allow conclusions about the Z-value
by the measured energy of the Rydberg state. This is a rather unsatisfactory
approach, since for t > 3 all Rydberg levels are practically degenerate. On
the other hand, 9-measurement via spontaneous optical decay of Rydberg states
suffers from extremely low efficiency, since Rydberg atoms are rather stable.
Here it appears as if off resonant core excitation also offers an interesting
alternative.

We have already made an experiment where the core transition laser was
detuned so far towards high energies that the Rydberg electron had to make a
monopole transition into the continuum ("shake off transition") in order to
fulfil the energy conservation law. Since the shake off transition is still

100

50-

50 I

25 32 35 40 45 -. n

FIGURE 2
"Transmission curve" of the Rydberg filter. (S) Experiment (X) Theory
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governed by the selection rule At = 0, such an experiment offers the possibility
of measuring the initial Z-value by determination of the angular distribution
of shake off electrons. The difficulty of such an approach lies in the fact
that the electrons tend to have rather low energies, since the shake off
probability decreases rapidly with increasing detuning of the core transition
laser. The preliminary data obtained so far suggest, however, that a
reasonable compromise can be found between sufficient electron energy on the
one hand and sufficient intensity of the other to make this method a valuable
spectroscopic tool for the investigation of high Rydberg states.

As a final remark we may mention that equation 1 also provides a simple
recipee to measure the effective quantum number vo of a Rydberg state to a
very high accuracy. One simply has to evaluate the measured pattern w(k,vo ) of
cross section zeroes when the laser is continuously detuned from the resonant
core transition. Most accurate results are obtained if one evaluates the
frequency distances between the zero cross section points and compares them
with a reference etalon, thereby eliminating the need of measuring absolute
laser wavelengths. Provided that all corrections to equation I are properly
taken into account and that a sufficient number of zeroes is evaluated, one can
obtain extremely accurate values for the effective quantum number Vo. In a
first experiment, we have measured the effective quantum number of the 6s42d 1D2
state in Ba to a relative accuracy of few times in 10-4 , by evaluation of some
50 to 60 cross section zeroes.

There are two interesting aspects of such an approach. First, the method is
insensitive to multi channel interaction effects in complicated atoms. Second,
it requires no knowledge of the ionization limit of the system, in contrast to
usual methods of vo-determination. Hence, we may obtain accurate quantum
defects for QDT analysis even in those systems where the ionization limit is
only poorly known (like some open shell atoms). Moreover, we may even use the
obtained vo-value, together with the excitation energy E(vo ) of the initial
Rydberg state to determine the ionization energy 10 of the atom according to
Rydberg's law E(vo) = Io - R/vo 2 . Experiments along these lines are in progress.

4. CONCLUSION

This paper focuses on the various possibilities of investigating and
detecting atomic Rydberg states by off resonant core excitation. While the
process itself is far from being new, we have tried to demonstrate that it may
still bear some interesting aspects as a laser spectroscopic tool for thp study
of the initial bound Rydberg state. First experimental studies yielded some
promising results along these lines.
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PHOTODETACHMENT SPECTROSCOPY OF FeO-
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High-resolution autodetachment spectroscopy of FeO" has been used to study
the ionic ground state as well as electronically excited states located in
the vicinity of the FeO(

5
Ai) thresholds. The observed autodetachment re-

sonances suggest two qualitatively different types of electronic states in
this region, a 4A valence state and two negative ion complexes consisting
of an FeO(5 A3) core and an s or p electron primarily bound by the dipolar
electric field of the neutral core. The dependence of autodetachment
lifetimes upon the rotational quantum numbers of the excited states shows
markedly different properties for the two types of states. A significant
difference in autodetachment lifetimes is observed for the two A-doublet
components assigned to the FeO-p electron complex. We propose that a dif-
ference in the location of the electron density of the detaching electron
with respect to the plane of rotation is responsible for the A-doublet
effect.

1. INTRODUCTION

The recent observation (1) of dipole-bound excited states in the acetal-
dehyde enolate negative ion has opened up new possibilities for structural
and dynamical studies of molecular anion systems by means of photodetachment
spectroscopy. In addition to valence states, some negative ions may exhihit
dipole-bound excited states where the extra electron is bound primarily by in-
teraction with the electric dipole moment of the neutral core. Dipole-hound
states are predicted (2) to exist in a number of anion systems since all mole-
cules with dipole moments larger than approximately 2 n should be able to sup-
port dipole-bound states. These states are characterized by the small binding
energy of the electron, the presence of the electron in a diffuse orbital with
large radius, and by the weak perturbation of the core.

Dipole-bound states can be viewed as the next step beyond Rydberg states,
since the binding is caused by an electric dipole field rather than by an
electric monopole field. The orbital of the dipole-bound electron must be
orthogonal to the orbitals of the core (3-5), introducing nodal structures
not seen in point-charge systems. Even the existence of dipole-bound states
was suggested from electron scattering by polar molecules (6,7) or from low-
resolution photodetachment of highly polar negative polyatomic ions (R,9)
dipole-bound states were first identified unambiguously from high-resolution
photodetachment spectroscopy data last year (1,10).

To gain more insight Into the properties of dipole-bound excited states
it would be valuable to study a few selected diatomic systems. Such a study
would not only yield information about structural properties, but would also

"1984-85 JILA Visiting Fellow. Permanent address: Institute of Physics,
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enable some insight to the dynamics of these states. Rotational levels of
dipole-bound states located energetically above the electron affinity limit
may decay by autodetachment. The dynamical aspect of this process, which in-
volves the transfer of energy from the core of the molecule to the loosely
bound electron, is controlled by the coupling between rotational energy and
electronic energy. This coupling mechanism is also known to play an important
role in some autoionization processes (11), but rotational autoionization is
often difficult to study in detail due to lack of rotationally resolved auto-
ionization lifetimes.

In this brief report we describe some of the main results of the first
study of dipole-bound states in a diatomic system, the FeN- molecule. A more
detailed description will be published elsewhere (12). In order to select
diatomic systems for dipole-bound state studies two prerequisites must he
taken into account. The dipole moment of the neutral molecule should be ap-
proximately 2 D or larger and the electron affinity of the molecule should
both be known and be within the wavelength region accessible by tunable
lasers. Many diatomic molecules with large dipole moments have electron
affinities (13) too small to be studied at the present time due to lack of
suitable tunable infrared lasers. At the time we began this study, these
two prerequisites limited our possibilities to one system, the FeO" molecule.
The FeO molecule is known to have a 5& ground state (14), an electron affinity
reported to be 1.492 ± 0.020 eV (15), and a calculated dipole moment on -3.3 n
(16).

The experimental equipment, a coaxial beam photodetachment apparatus and a
laser system have been described in detail before together with the experimen-
tal procedures (1,12,17). For further experimental details, the reader is re-
ferred to the previously published information.

2. RESULTS

In order to be able to perform dynamical studies involving molecular
anions, such as rotational or vibrational autodetachment, it is necessary
first to characterize the structural properties of the excited negative ion
states. For a molecule such as FeO- it can be expected that besides dipolp-
bound excited states also valence states can be located energetically close to
the electron affinity limit.

2.1. Low and medium resolution data
The photodetachment of FeO" near threshold was investigated at successively

higher levels of resolution ranging from 1 cm"1 to 2N MHz (N.NNN7 cm-1). The
most structured region of the spectrum (at 1 GHz resolution) is shown in Fig.
1. The typical rotational structure seen in this figure consists of well-
resolved and equally intense R and P branches separated by an unresolved Q
branch. This intensity pattern is consistent with transitions between states
with the same angular momenta (18), such as n- or A-A. A similar rotational
system, but with the P branch more intense than the R branch, was observed at
higher (222 cm- 1) frequencies. Rotational analysis (12) of the two-band sys-
tems showed that the -100 broad autodetachment resonances (>I GHz) observed
could be assigned to transitions between the X4A i (i = 7/2, 5/2) ground state
of FeO" and an excited A485/2 valence state. The effective structural parame-
ters for these two states are given in Table I together with results for ex-
cited states described in the following.

2.2. High-resolution data
A significant part of the energy region 11700-122NN cm"1 above the Fe0"

4A7/2 ground level was studied with the laser operating single mode, yielding
data from the photoelectron spectrometer at its foppler-limit resolution of
20 MHz (--0.0007 cm'-). More than 300 well-resolved and narrow resonances
(<1 GHz) were observed. The observation of two markedly different sets of
autodetaching resonances in the vicinity of the Fe0( Ai) thresholds strongly
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FIGURE 1.
Medium resolution (1 GHz or 1.03 cm-') scan of thE slow electron cross section
in the 11804-11924 cm-1 frequency region. The rotational spectrum is due to
transitions between the X4A5/2 ground state of FeO- and the A4Ab/ 2 state.

Table 1. Effective parameters for the observed FeO states (cm- 1).

State f T0  R I6 0

X4A 7/2 0 0.4971(2) n.91(32)
5/2 222.52(3) 0.4996(2) 0.96(23)
3/2 459.75(5) 0.5017(9) 1.21(33)

A4A 5/2 12081.75(5) 0.5043(l) 1.34(21)
3/2 12291(3)

5A3]-S 7/2 12011.21(46) 0.5044(3) 3.63(64)

[ 5A3]-p 5/2 12221.23(5) 0.4806(9) 1.40(31)

Error limits are one standard deviation in units of the last significant
figure quoted. The FeO( 5A4) and FeO(5 A3) states are located 12042 ± 40 cm-1

(Ref. 19) and 12227 ± 40 cm-1 , respectively above the FeO(4A7/2 ) state with
B = 0.5168 cm-1 and D = 0.725 x 10- 6 cm-1 (Ref. 14).

indicates that we are observing two qualitatively different types of elec-
tronic states in FeO', valence states and dipole-bound states. The large ma-
jority of the narrow resonances can be assigned to transitions from the FeO-
ground state to two dipole-bound states, best characterized as negative ion
complexes consisting of an FeO(5Ai ) core and a loosely bound s or p
electron. In the present study we have only observed the complexes with an
FeO(5 A3) core. A detailed discussion of the assignment of these dipole-bound
states will be given elsewhere (12).

An energy level diagram for FeO" and FeO showing the transitions observed
in FeO" is given in Fig. 2. The FeO energy scale is based upon recent
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FIGURE 2.
Energy level diagram of FeO" and FeO with the observed transitions indicated.

photoelectron spectroscopy data from this laboratory (19) yielding the FA(FeN)
to be 12042 ± 40 cm-1 and Merer's spectroscopic studies of FeO (14). Figure ?
shows that the binding energies are -220 cm"1 and -6 cm-1 , respectively, for
the s and p electron. To explain the large binding energy for the s electron
or the existence of a p complex for which calculations (20) had predicted that
the dipole moment should be Z9 D, it is necessary to assume that short-range
forces, in addition to the dipole field effects, are playing a significant
role in the binding of the outer electron in these FeO" s or p electron
complexes. The short-range forces may also explain the fact that we have not
been able to observe any of the dipole-bound levels located below the
detachment limit by means of electric field effects (1).

2.3. Linewidths and lifetimes
The widths of many autodetaching lines belonging to the identified hand

systems have been measured with the highest resolution available. Different
transitions terminating in the same upper state have been observed to have
identical linewidths. The line shapes, when not limited by the 20 MHz instru-
mental resolution, are Lorentzian. The results presented in Figs. 3 and 4 are
obtained by fitting the lines to a Lorentzian function.

The rotational dependence of the FeO" autodetachment rates for the A4As/2
valence state is shown in Fig. 3. The detachment rate increases linearly with
rotational energy. A similar behavior has previously been seen for valence
states in C2 - (17). The detachment rate seems not to be influenced by the
FeO(5A 3) threshold, indicating that the autodetachment process occurs to the
FeO(SA4 ) + e continuum. Even though rotational-to-electronic energy coupling
plays an important role in the overall photodetachment process, the main con-
tribution at low J is due to another coupling mechanism. In order to detach
to the FeO(5 A4 ) + e continuum, realignment of the spins in the A4A5 /2 state is
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FIGURE 3.
Rotational dependence of the FeO- autodetachment rates for the A4A 5/2
valence state (v) and the dipole-bound FeO(

5
A 3)-s electron complex (nP).

The FeO(
5
A4 and 5A3) thresholds are indicated.

needed. It is therefore likely that the spin-orbit coupling mechanism is of
primary importance ir transforming internal-to-electronic energy.

Figure 3 also shows the rotational dependLoce of the autodetachment rates
for the FeO(

5
63 )-s electron complex. The detachment rates increase nearly

linearly with rotational energy for the levels located below the Fen(
5
A3

)

threshold. Above this threshold a fast rise in detachment rates sets in. The
slowly detaching levels can only decay to the FeO(

5
A4 ) level system, whereas

the faster detaching levels aiso can detach to the Fef(
5
A3 ) level system.

A very fast rise in detachment rates has previously (1) been seen for the
dipole-bound states of acetaldehyde enolate just above the detachment limit.
The rapid rise in detachment rate just above the Fe0(

5
A3) threshold most

likely reflects nearly identical structural properties of the core of the
dipole-bound state and of FeO(

5
A3).

Any autodetachment process must conserve energy and angular momentum. The

rotational angular momenta for the autodetaching state and for the neutral
molecule must satisfy the triangular conditions with the electron orbital

angular momentum. For the J levels of the FeO(
5
A3)-s complex located above

the FeO(
5
A3) threshold (J > 21.5) these requirements can only be fulfilled for

the rotational autodetachment process by the transfer of a rather large numher
of quanta of rotational energy to electronic motion. The much lower detach-
ment rates observed for the . levels located below the FeO(

5
A3) threshold

(J < 19.5) are considered to ae associated with the spin rearrangement process
in the core of the complex. Whereas the 

5
A3 , 5A, rearrangement process is

thought to play an important role in the detachment of the A
4

5 /2 valence
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Rotational dependence of the FeO- autodetachment rates for the two pw A-
doublet components assigned to the FeO(
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A3)-p electron complex. Triangles
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state, it may be much less effective in causing fast detachment from dipole-
bound states.

Figure 4 shows the rotational dependence of the autodetachment rates for
the two pw A-doubling components assigned to the FeO(

5
A3)-p electron complex.

The detachment rates are nearly identical at low J, but differ at high J with
the upper A-doublet component detaching faster than the lower one. The dif-
ferent detachment rates may be attributed to different structural properties
of the two A-doublet levels. For molecules such as OH the different dynamical
properties of A-doublet levels are assumed (21) to be due to a difference in
the w electron wave function in the A-doublet levels. The electron density of
the single occupied OH Tr orbital forms lobes either in the plane ot rotation
or perpendicular to this plane. Accordingly, the former state shows a much
qreater rotational energy dependent deformation than the latter. Markedly
different detachment rates for A-doublet components in NH- have recently (22)
been accounted for by an analogous mechanism. We believe that a similar des-
cription is valid for the A-doublet levels of the FeO(SA 3)-p complex. A dif-
ference in the location of the electron density of the detaching electron with
respect to the plane of rotation would be most noticeable at high J levels, in
agreement with the experimental observations.

3. DISCUSSION AND CONCLUSION

The present study has shown that it is possible to obtain detailed struc-
tural and dynamical information from studies of autodetachment resonances in
rather complex negative molecular ions. The prediction (15) that the ground
state of FeO- is a 4A state is in agreement with the present data, whereas the
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6
E+ ground state proposed by Krauss and Stevens (16) is inconsistent with the

experimental observations. The structural properties of the ground states of
FeO" and FeO are found to be very similar. The dipole-bound states observed
support the prediction (2) from the dipole field model that molecules with
dipole moments larger than -2 D are able to support dipole-bound states. The
structural properties of the dipole-bound states reflect properties well known
from Rydberg-t complexes (18,23). Contrary to theoretical p;edictions (2) the
rotational energies of dipole-bound states observed to date are well described
by the usual J(J+1) dependence. The properties of the FeO(SA 3 )-s or p
electron complexes clearly deviate from the predictions based upon the simple
dipole-field model. The binding energies of these complexes can only be

accounted for taking short-range forces into account and the simplicity
characterizing the spectra of dipole-bound states in acetaldehyde enolate (1)
is lacking due to insufficient rotational coupling.

Recent studies (24) involving rotational autoionization of Rydberg states
in molecules such as K2 have shown that the dynamical process occurs by trans-
fer of large amounts of quanta of rotational energy to electronic motion. The
rotational autodetachment of the FeO(

5
A3)-s electron complex seems to exhihit

the same properties. Broyer et al. (24) have attributed this phenomenon to

the nonspherical character of the potential energy seen by the loosely hound
electrons. This effect would be even more important for negative ions than
for neutral molecules. Further studies of rotational-to-electronic energy
transfer seem to be needed to obtain a better understanding of the physical
mechanisms involved in these processes. The present investigation shows that
rotational-to-electronic energy transfer for valence and dipole-bound states
in the same molecule can exhibit markedly different energy dependence. This
difference in behavior may be useful for identification of the two types of
states in future studies of molecular anions.

Even though the present study has yielded insight into a number of ques-
tions related to the presence of dipole-bound states in the diatomic systems,
future studies of dipole-bound states in diatomic systems should be directed
toward molecules with simpler structures. Roth molecules with large dipole
moments, such as the alkali halides, and molecules with dipole moments close
to the limit for binding an electron are of interest.
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MODIFIED PHOTODETACHMENT THRESHOLD BEHAVIOR NEAR RESONANCES

Young K. BAE and James R. PETERSON

Molecular Physics Department, SRI International, Menlo Park, CA 94025

Modified formulae for photodetachment threshold behavior affected by three
different types of resonances, such as shape, Feshbach, and virtual state
resonances been studied and applied to available experimental results.

1. INTRODUCTION

The energy dependences of scattering cross sections near resonances, and
near new channel thresholds, have each been the subject of extensive theoreti-
cal and experimental studies in the fields of atomic, nuclear, and elementary

particle physics. However, little attention has been given to the effects
that result when thresholds are close to resonances. Until recently, observa-
tion of these effects has probably been inhibited because experiments have not

had sufficient energy resolutions. The development of laser photodetachment

techniques has now removed that barrier and the combined effects have already

been seen.
1

The negative ion resonances that are observed frequently in electron scat-
tering have provided both stimulus and test in the development of the theory
of the short-range correlation interactions that cause them. In atomic

systems, these resonances occur commonly at energies in the vicinity of the
excited states of the neutral target, where the loosely bound excited electron
can share the attractive force of the ion core with the low-energy scattered
electron to form a loosely bound temporary compound state. Thus it is more

the rule than the exception thdt negative ion resonances lie close to thres-
hold, and it is not surprising that their combined effects have now been

observed in photodetachment experiments.
Wigner first derived threshold laws for opening channels that yield a pair

of outgoing products, and showed that the behavior is independent of the exci-

tation mechanism and depends only on the long-range interaction between the
product particles. Thus the threshold laws are the same for photodetachment
as for electron scattering. Both of these reactions are characterized by

short-ranged correlation forces and, ignoring other effects, the cross sec-
tions near threshold should follow the Wigner law for neutral products, namely

a - k 2 
* I  

(1)

where k and A are the linear and angular momentum of the outgoing state. In
terms of energies, this expression becomes
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a - (E - EO)If+ 1/ 2 , (2)

where E and E0 are the total and threshold energies of the system. Although
the threshold laws are the same for the two types of excitation, unlike
electron scattering, photodetachment has well-defined final angular momentum
states due to optical selection rules, a property that aimplifies the analysis
of experimental results.

Similar to the resonance phenomena in other short-range potential systems
(atom-atom, neutron-nucleus, etc.), 3 electron scattering and photodetachment
resonances are of three types. In the electron-atom (molecule) systems they
are caused by the short-ranged attractive correlation potentials that commonly
exist in the collision complex at energies near the thresholds of excited-state
channels. If the correlation potential is sufficiently strong that the com-
pound state is "bound" below the continuum of the excited channel state, it is
a "bound," "closed-channel," or "Feshbach" resonance. If the attractive
potential is not quite sLrong enough to form a Feshbach resonance, a "virtual
state " can exist for an s-wave channel (X-0), or a "shape" resonance can
exist if 1 4. The scattering phase changes rapidly and passes through
(n+1/2)n as the total energy passes through the levels of Feshbach and shape
resonances, but it does not quite reach (n+l/2) n in the case of a virtual
state.

Dramatic interference effects due to Feshbach resonances were first
observed by Patterson et al. 5 in the photodetachment of K-, Cs- and Rb- just
below the thresholds of the first excited neutral product channels. In later
experiments, 6 departures from the Wigher threshold law for the production of
these excited s-wave channels were found to exist within about 120 XV for K
and Cs. In later experiments,' deviations were found within 25 peV for Cs.
Frey et al.7 have observed similar deviations in their 2P partial cross
section measurements on Rb-. We have recently observed and analyzed8 the
deviations due to a shape resonance near the He(2 3P) threshold in He- photo-
detachment and also9 the effects of a virtual state on the Wigner cusp in Li-
photodetachment at the 2P threshold. Here, based on that work8 19 we derive
parametric threshold formulae which show explicitly the characteristics of
neighboring resonances. We treat the effects of shape and Feshbach resonances
on the behavior of a sIngle opening channel; the effects of a virtual state
are treated for a two-channel system.

2. SINGLE CHANNEL THRESHOLD BEHAVIOR NEAR SHAPE OR FESHBACH RESONANCE

The total cross section for the photoexcitation of a single opening
detachment channel may be written as

at - k)M1 2  
(3)

where Mt is the dipole matrix element connecting the initial (negative ion)
and final (atom + electron) states. M, contains only contributions from a
small finite region of space because of the localization of the initial wave
function. Since we are concerned only with the behavior of the opening chan-
nel near its threshold, the asymptotic energy of the final state wave function
can be considered infinitesimal compared to the interaction energy in this
localize region, the only characteristic of the local final state wave



Modified Photodetachment Threshold Behavior 801

function that is sensitive to small variations of the asympLutic energy is the

amplitude, which is proportional to the inverse of the (volume) normalization
factor of the asymptotic wave function. Following this idea, O'Malley

I0

factored Mt as

MI S ) M , (4)

where Nt is the normalization factor of the asymptotic final state electron
wave function and M' is a constant to lowest order in k

2 . O'MalleyI0 also
noted, with reference to Gillespie II that NA is connected to the Jost function
ft(k) by

N1 - Ifl(k)l k-1 , (5)

and we note that the Jost function is related to the scattering matrix S1 by
Sj(k)-fj(-k)/ft(k).11,12 Here, the Jost function describes the half collision
process. Now, from Eqns. (3-5), we see that the cross section of the new
opening channel near its threshold may be written as

Oit - k2 1+1 1 f 1(k) 1-2. (6)

We note that a resonance can be identified 12' 13 with a pole of the scattering
matrix (or a zero of the Jost function) in the complex k-plane. If there is
no resonance near the threshold, then flk) is not close to a zero and can be
regarded as constant for small values of k, and the cross section Eq. (6) fol-
lows the Wigner threshold law. However, if there is a zero of fi(k) near
k - 0, then f1(k) can vary strongly, and Eq. (6) can deviate from the Wigner
law very close to the threshold.

In order to see how f1 (k) depends on k when it has a zero close to the
threshold, k=O, we let the interaction potential of the final state be WV(r),
where V(r) describes only the form of the potential, and X represents its
strength. We assume that V(r) is short ranged (for large V(r) --r-n, where
n>2), and strength is such that if X-1, the zero of f1 (k) occurs at the

threshold, k-0 (zero energy resonance). Since we want to treat the cases
where the resonances occur close to k-O, not only is k small but so is
j Therefore fi(k) can be expanded as

f 1 (k) - Pk2+Iy#2A+l+Tt(X-AO) + higher order terms, (7)

where 01, yt, and nr, are real constants that depend only on the shape of the
potential (not on its strength). Thus we have

I ft(k) 12_p 2 (k2-k1
2 )2+y k4 j+ 2 + higher order terms, (8)

2R-ijt(X-AO)/Pj and -y1 /pt. For A-0, the dominant terms in Eq. (8) are
quadratic in k2 , and using the relation k2/2 = E - E0 and k1

2 /2 - ER -EO we
can transform Eq. (8) into

1fj(k)j 2 -F(E-Eo)[(EER)2 +(r/2) 2 ] (9)

where E0 is the threshold energy, F(E-Eo) is a slowly varying function of
E1%, and ER and r/2 are the real and imaginary parts of pole position in the
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complex E-plane. For k-1, dominant terms in Eq. (8) are cubic in k2 , and we
can transform Eq. (8) into

]f1(k)1
2'G(E-Eo)(E-Eo+A) [(E-ER) 2 + (r/2)2] (10)

where G(E-E0 ) is a slowly varying function of E-EO, and IAI>>IE-E0 , if there
is only one pole affecting the threshold behavior. For 1)2, if there is only
one pole is affecting the threshold, it is possible to transform Eq. (8) into
a similar form to Eq. (9). Therefore, for any 1, we have

lft(k)12 - (E - ER)
2 + (r/2) 2  

. (11)

Finally, by combining Eqns. (6) and (11), we conclude that near the thres-
hold cross section for a single opening channel (for any 1) is approximately

(E - Eo )i + 1/2

(E - R) + (r/2 (12)

which is simply a product of the Wigner threshold law and the Breit-Wigner
resonance formula. We now present some applications.

a. Shape Resonance
Eq. (12) was first derived to account for difficulties encountered in tru-

ing to use the Wigner law to fit our He- photodetachment data near the He(2P)
threshold.8 Figure 1 shows tte data and a least-squares fit (dashed curve) of
the first seven data to the Wigner threshold law. Due to the strong effects
of the shape resonance the cross section rapidly deviates from the Wigner law,
and we found that the threshold value E0 obtained by fitting th data to it
increased substantially as more data above the threshold were included in the
fitting procedure. Thus the Wigner law could not be used with these data. On
the other hand, equation (12) which gave quite good fits not only to the
threshold data as shown in Figure 1, but to the entire resonance peak as well,
as is seen in Figure 2. The fit to the entire resonance yielded ERa+1O.8±0.3 meV
and P-7.41O.3 meV. These values were then used in equation (12) to determine
EO from the data in Figure 1, and yielded E=1 222 .l1l.O meV, from which we
obtained an electron affinity for He(2 3 S) of 77.6±1.0 meV.

b. Feshbach Resonance
We also have found that equation (12) can also be applied to partial cross

sections previously obtained in Rb- (reference 7) and Cs- photodetachment.1 In
the derivation of the equation (11) there is no restriction on the positions
of the resonance poles, thus it can be applied to threshold behaviors affected
by poles located either above the thresholds (ER>Eo, i.e. shape resonances,)
or below the thresholds (ER<EO, i.e. Feshbach resonances). Figure 3 and
Figure 4 show the squares of the partial cross sections for the first opening
2P + es channel in Rb- photodetachment by Frey et al. 7 and in Cs-
photodetachment by Mead et al. 1 Because there are s-wave thresholds, the
Wigner law is d2 - (E-Eo), and in these figures non-Wigner behavior due to the
presence of Feshbach resonances that lie below the thresholds, shows up as
deviations from linearity of 02 vs. hv (dashed curves). The Wigner law holds
for an energy range less than the experimental resolutions (- 0.2 cm-1). The
solid curves represent fits to Equation (12), which yielded the fit parameters
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E -17 c
- 1 

and r - 1 cm
-
1 for Rb-, and ER - -27 cm

- 1 
and r - 8 cm

- 1 
for

Cs .

3. TWO-CHANNEL THRESHOLD BEHAVIOR NEAR A VIRTUAL STATE

The negative alkali-metal ions have the valence electronic configuration
ns

2 , 
so the first excited state in Li- photodetachment occurs as

hvLi-(21S)-Li(22 )+es. Moores and Norcross14 performed an ab initio
calculation of the total photodetachment cross section for Li-. They also
used effective-range theory to generalized the Wigner threshold law for the
many-channel case and compared it to their calculations near the "Wigner cusp"
that occurs at the opening of the s-wave channel at the 22P threshld. They
found that their partial cross sections could not be adequately described by
the Wigner law even 0.07 meV away from the threshold and attributed this
deviance to "resonant behavior," taking note of the rapid variation in the
phase shift of their final-state wave functions. In rearranged form, the
Wigner law for the photodetachment cusp derived by Moore and Norcross 14 can be
expressed as

r - cr (1 - A V-E - E) (13a)
0 0

below the threshold, and by

o = 0 (I - B /E - E ) (13b)

above the threshold. Here, o0 is the total cross section at the threshold
energy, E-E0 , and A and B are constants.

We have measured the cross sections for Li- photodetachment in the region
of the Li(2 2P) threshold.9 An examination of the results showed that the
cross section rapidly deviates from Equations (13a) and (13b), in agreement
with the findings of Moores and Norcross. 14 Noting that their calculated
phase shift although changing rapidly just below the 22p threshold, did not
quite reach r/2, we sought to interpret the deviations from the Wigner law as
resulting from the near presence of a virtual state. In this case we were
able to use the theoretical iork of Nesbet1 5 on multichannel s-wave threshold
structure in electron scattering. We derived an appropriate parametric formu-
lation of the cross-section behavior that contains corrective terms to
Equations (13a) and (13b) accounting for these effects.

We consider a two-channel scattering system, in which channel 1 is contin-
ually open, and the channel 2, with t=O outgoing, is open above a threshold
energy E0 . By applying Equations (1), (2), (13), and (16) of Nesbet15 to this
system and neglecting second order terms, the total cross section E<E0 can be
shown to be approximated by

a % [1 - (2tan Ti Y2  I (42
0 (14a)

for energies E<E0 , and by

o- a[1 - (1- cot2no) I y2 (1 2-- ) ] (14b)
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fur energies E)EO . Here, and Th are the total cross section and the phase
shift of channel 1 at EO, k and ic are defined by k

2
-- K".2(E-Eo), and EO-e/2

is the energy level of the virtual state, for which 0>0. The above equations
can be transformed so that for E<Eo,

A /E- E
O -o [1 . _ o _ _ ] , (15a)

E-E + ,/E - E
0 0 V

and for E>EO ,

B iE -E 0 Ev

a'. a [lE(15b)
0°  (E - E0) + (E v 0

where A and B are constants, and Ev=Eo-P?/2. We note that Equations (15a and
15b) are equivalent to the normal Wigner "cusp" formulae as expressed by
Moores and Norcross,

14 
but modified in the denominator of the second terms to

include the effects of the virtual state. When EO-Evi>>IE-E01, i.e., when
the virtual state is far removed from E0, they become the same. The phase

shift rb of channel I at E-E0 can be obtained from the relation

B/A- [P (I- cot 2  %2 (16)

Figure 5 shows our results of Li- photodetachment near Li(2p) + Es
threshold where a Wigner cusp is expected. While the Wigner-law (Equations

1,2 1I I I

0

0

~1A -0 0 -

2- F 0

N\
\ o

0.810a.6 . I I I I"'
,  

I

2.42 2.46 2.46 2.60
PHOTON ENERGY WV)

FIGURE 5

Li- total photodetachment cross sections near the Li(2 2P) threshold,
where the Wigner cusp is affected by a virtual state. Dashed curve:
visual fit of near-threshold data to Wigner form. Solid curve:
least-square fit of all data to the modified form.
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(13a) and (13b)) fit deviates rapidly from the data, a very good fit is given
by Equations (15a) and (15b). These equations not only give an accurate value

of %O, but also provide information on the resonance state. The fitting
yielded EV-

2
.
4
652*-O.0006 eV andO/2-55±lO meV with PO (a virtual state). The

phase shift rO at threshold obtained from the present result is 1.4to.1
radian, which is in good agreement with the value calculated by Moores and

Norcross (-1.3 radian).
14 

Although random fluctuations in the data from this
brief experiment do not allow more accurate and detailed analysis near the

threshold, the general shape of the cross section still reveals a Wigner cusp
in good detail and shows that it is strongly affected by the virtual-state.

Because most excited opening electron scattering and photodetachment channels
are accompanied by neighboring negative ion resoances, these effects would

seem to be quite common, and virtual state resonance effects can be generally

expected near excited s-wave channel thresholds where Feshbach resonances are
not observed below the thresholds.

(Note: In the course of this work we were unaware of a recent analytical
theory of resonances, virtual states and bound states in electron-molecule

scattering, by Domcke.
16 

His treatment is more general than ours, and would
doubtless yield similar results when adapted to our specific problems.)
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EXPERIMENTS ON MASS-RESOLVED CLUSTERS OF SEMICONDUCTORS

L. A. BLOOMFIELD, M. E. GEUSIC, R. R. FREEMAN, and W. L. BROWN

AT&T Bell Laboratories, Murray Hill, NJ 07974

An experimental technique that produces both neutral and
ionized semiconductor clusters is described. Cluster ions of
from 2 to several hundred atoms are observed. Positive and
negative cluster ions are mass-selected and studied by photo-
fragmentation or photodetachment.

1. INTRODUCTION

The study of small atomic clusters has developed recently as a
means for understanding the connection between the properties of
solids and those of their constituent atoms. These clusters of
from 2 to a few hundred atoms bridge the gap between atomic and
molecular physics and the physics of solid state. One of the most
interesting observations about clusters is the existence of
"magic numbers," sizes which are more easily produced and less
fragile than clusters differing in size by one or more atoms (1-
8). Knowing which clusters are the most stable is extremely
helpful in understanding the structure of these tiny pieces of
matter.

Until now, most "magic numbers" have been found indirectly by
producing a mixture of various clusters and then counting them to
see which clusters are unusually common. But the process of
detecting and counting the clusters involves ionizing them, a
procedure which is likely to break the cluster as it removes an
electron (9). Thus most previous studies have involved some
initial assumptions about the fragility of the clusters and the
correspondence between a strong signal of ionized clusters and a
"magic number" in the original neutral species.

To avoid these ambiguities, we have employed two new
techniques in our attempt to understand the structure of the
semiconductor clusters. First, we have produced beams of
positively ionized clusters (silicon, carbon, and germanium)
which have been purified so as to contain only a single cluster
size. A laser beam is used to study the photofragmentation of
these cluster ions, both to measure the intensity of light needed
to break them as well as to observe the fragments which remain
after the original clusters break. In this manner, we have
measured the total photofragmentation cross sections for positive
silicon cluster ions of between 2 and 11 atoms (Fig. 1), along
with the branching ratios of these clusters to smaller fragments
(FIg. 2). +These studies give clear indication that clusters of
Si and Si are "magic." Similar experiments in carbon have
deAonstrat19 that C3 is a "magic fragment" during the breakup of
larger cluster ions.

The second technique which we have developed for use with
refractory materials such as the semiconductors, is one in which
the clusters are produced as ions rather than as neutrals.
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Removal of the photoionization step eliminates the ambiguities
introduced by photofragmentation during photoionization.
Furthermore, negative cluster ions are easily produced and
provide considerable information concerning the effect of charge
(positive or negative) on the "magic numbers" and thus on the
structure of the cluster ions themselves.

I T

Figure 1 Figure 2
Relative total photofragment- The branching ratios for photo-
ation cross sections for fragmentation of silicon positive
silicon positive cluster ions cluster ions with 532 nm light.
at 532 nm. One ut is
equal to 7(3)*10

2. APPARATUS

The apparatus is shown schematically in Fig. 3. The clusters,
both neutral and ions, are produced by laser vaporization of the
sample rod by the focused beam of a Nd:YAG laser (532 nrm). These
clusters are entrained in a pulse of carrier gas, usually helium,
which undergoes a supersonic expansion into the first of a series
of vacuum chambers. The version of the apparatus drawn in Fig. 3
is specialized to the observation of ions produced in the cluster
source. The ions enter the acceleration region undeflected
following which the plates are raised to high voltage. The ions
are accelerated to a constant energy and dispersed in time along
the horizontal time-of-flight region. A similar version, which
is specialized to the observation of neutrals, involves an
excimer laser for photoionization. In this case, the
acceleration plates are kept at high voltage, excluding the ions,
and only the neutral clusters enter undeflected. The neutrals
are then photoionized and the resultant positive clusters are
accelerated and dispersed in time.

Mass selection of the accelerated cluster beam is possible
using the pulsed mass isolation plates. By switching the field
present on these plates, it is possible to deflect all but the
desired cluster ion packet away from the axis of the time-of-
flight tube. Thus only the selected cluster packet continues
unaffected through the apparatus. Further experiments, either
photofragmentation for positive ions or photodetachment for
negative ions, can be carried out in the deacceleration and
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reacceleration region of the time-of-flight path. A laser is
used to change the mass or charge of the cluster ions and the
resultant fragments are reaccelerated to a different potential.

The fragments again disperse in time and are observed at the

microchannel plate detector. Neutral fragments are not
reaccelerated and simply coast into the detector, which registers
them weakly.

PULSED VALVE

VAPORIZATION
LASER453n.

CARBON OR SILICON
ROD

L ODEACCELEAATION/

ISOLATION --.--- jACCEL- IATION

SKIMMER PLATES

IILSEO D U ° L10
PULSED SS/ MICROCHANNEL

ACCELE'ATFON ISOLATPLAS

P"P/OTOOETACHMENT OR
FRAGMENTATION LASER

Figure 3
Experimental apparatus: Cluster neutrals and ions are produced
in the source by laser vaporization of a sample rod. These
particles are (ionized and accelerated in the acceleration
region and dispersed by a time-of-flight technique. Individual
masses can be selected for photofragmentation or photodetachment.

3. OBSERVATIONS

Spectra of the clusters produced by laser vaporization are
shown in Fig. 4 (carbon) and Fig. 5 (silicon). The upper two

traces in each figuie are the negative cluster ions (top) and
positive ions (second) produced in the source. The positive ion
trace can be compared with the signals observed when the neutral
clusters are ionized and the resultant positive clusters are
accelerated toward the detector (third trace). In both carbon
and silicon, photoionization increases the contrast between
strong, "magic" peaks and the weaker peaks corresponding to less
common clusters. This increased contrast is due in part to a
greater photofragmentation of the less common, more fragile
clusters. The extreme example of this effect is visible in the
carbon positive ions, where the ionized neutrals contain no odd
cluster ions for masses larger than 30 atoms. The positive ions

produced in the source do contain large odd clusters, showing
only a weak even/odd alternation above mass 30.

The fourth trace for +carbon shows Lhe photofragmentation of a
large carbon cluster (C~ ) with very intense light. The
intensity of the light Rrmits multiple fragmentation of the
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clusters. The spectrum produced by this breakup closely
resembles that of ionized neutrals (for cluster ions larger than
about 8 atoms) and indicates that photoionization of the neutral
probably involves considerable photofragmentation as well.

0 0 0 to 40

o 0
0 10 20. 0 W W 1 0 20 30 40

0 1o 20 1o 40 so 0

Figure 4 Figure 5
Spectra of carbon cluster ions. Spectra of silicon cluster ions.
(a) and (b) are negative ions (a) and (b) are negative ions
and positive ions produced in and positive ions produced in
the source, (c) are ionized the source, and (c) are ionized
neutral clusters, and (d) are neutral clusters.
the fragments produced y
photofragmentation of C6 0 .

Photofragmentation measurements (10), shown in Figs. 1 and 2
for silicon, hive given additional information about the "magi
numberV' in the semiconductor clusters. The strong rows at Si6
and Si as final states indicate that these cluster ions are 6
either unusually stable energetically, or are more easily
produced than +adjacent cluster sizes. The structure in the
breakup of Si 1 into clusters with from 4 to 7 atoms also
indicates thai the initial cluster structure may play a role in
determining which fragments are produced. Photofragmentation of
carbon clusters indicates that the principal decay mode for the
light positive cluster ions (4 to 20 atoms) is to emit a neutral
C Again, C is either an unusually stable fragment or a basic
bailding bloci of the larger cluster ions.

Photodetachment measurements of the negative clusters ions are
also possible. The electron is easily removed with a laser pulse
and the neutralized clusters coast into the detector at a speed
which is independent of accelerating voltages. N charged
photofragments of negative cluster ions are observed.
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4. CONCLUSION

We have demonstrated a technique which produces neutral and
charged clusters of semiconductors and have measured the relative
abundances of the cluster ions produced in the source or by
photoionization of the neutrals. We have also studied the
photofragmentation and photodetachment of the cluster ions and
have obtained additional information about the structure and
stabilities of the various cluster sizes.
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THE VIBRATIONAL PREDISSOCIATION SPECTROSCOPY OF HYDROGEN CLUSTER IONS

L. I. YEH, Mitchio OKUMURA, and Y. T. LEE

Materials and Molecular Research Division, Lawrence Berkeley Laboratory and
Department of Chemistry, University of California, Berkeley, CA 94720 USA

Low resolution vibrational predissociation spectra of hydrogen cluster ions
H (n=5,7,9,11,13,15) have been obtained in the gas phase. These ions have
been shown to have H2 molecules attached to the apexes of Hj in the ab
initio calculations. Two vibrational modes have been observed. One, orre-
sponding to an H-H stretch of an H2 attached to Hi, occurs at 3910 cm-
in H+ and shifts to higher frequencies for the larger cluster ions. The
second mode, which has only been seen in H+, is located at 3532 cmr1 and
corresponds to an Hj symmetric ring stretch. The experimental results are
compared with ab initio theory.

1. INTRODUCTION

The vibrational predissociation spectra of gas phase hydrogen cluster ions
have been obtained in our laboratory. The stimulus for this particular work was
provided by recent ab initio predictions of the structures and frequencies of
H5, H7, and H+ by Yamaguchi, Gaw, and Schaefer (1). The predicted structures
are composed of an H3 ion with H2 moieties complexed around it. The first
three hydrogen molecules are bound directly to the apexes of the H+ ion with
the H-H bond perpendicular to the H+ plane. The study of cluster ion spectro-
scopy is of fundamental importance toward the goal of understanding solvation
phenomena at the molecular level.

Although little has been done on the spectroscopy of ion clusters, a fair
amount of work has gone toward the study of the kinetics and thermodynamics of
such ions. The hydrogen cluster ions have been the target of many such pro-
jects. The dissociation energy of H5 has been studied by many groups with
varying results (2-5). One of the difficulties in measuring such a quantity has
been the requirement that equilibrium be reached between the relevant ions and
hydrogen molecules. Recently, Elford (6) has used a variable length drift-tube
to ensure that his measurements are reliable. Beuhler, Ehrenson, and Friedman
(7) have also carried out careful measurements of dissociation energies avoiding
previous sources of error. These two groups have obtained values of -6 kcal/mole
and - kcal/mole for the dissociation energies of the reactions H --* H + H2
and H --* H + H2 , respectively. These values are in excellent agreement
with the theoretical results of Yamaguchi, et al. (1).

In this paper, we report on the observation of two vibrational modes in the
hydrogen cluster ions. One of the modes detected was that corresponding to
excitation of an H-H stretching motion of an H attached to the apex of H .
This mode was seen in the ions H+ (n=5,7,9,I1,13,15). The second mode observed
corresponds to excitation of the H symmetric stretch. To date, this mode has
only been observed in H+.

2. EXPERIMENTAL

The apparatus is shown in Fig. 1. The ion source consists of a supersonic
expansion of ultra high purity hydrogen (stagnation pressure of 20-40 atm,
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FIGURE 1
Schematic of the apparatus.

130 K) through a 10 um diameter nozzle followed by electron bombardment ioni-
zation of the neutral clusters formed in the expansion process. A sector magnet
selects the desired ion mass which then is directed into a radio frequency
octupole trap. After the tunable infrared laser interacts with the parent ions,
fragment ions travel through a quadrupole mass filter into our detector. Thus,
"absorption spectroscopy" can be carried out by scanning the laser frequency and
monitoring the dissociation product ion signal.

Two laser systems were used. The initial laser system was a Nd:YAG pumped
LiNbO 3 optical parametric oscillator (OPO) (8). This was tuned from 3800 to
4200 cm-1 with a linewidth of roughly 10 cm-1 . The pulses were generally 8 nsec
long and gave us 4 to 6 mJ per pulse at a 10 Hz repetition rate. The OPO was
selected as the initial laser partly because its wide linewidth made scanning
over a large frequency range in a reasonable amount of time practical and partly
because it provides relatively high power. We found the location of the peaks
corresponding to the H-H stretch in H , H , H4,...,H15 with the low resolution
OPO.

The second laser system used was a Burleigh F-center laser which has much
higher resolution. Without its intracavity ptalop the resolution was 0.5 cnn-;
with the etalon the resolution became -3x10- cm- . In these experiments, it
became advantageous to have the ions travel continuously through the machine
rather than trapping them. To vary the Doppler width, which was estimated to be
<0.2 cnn- when trapping, the ion energy in the interaction region ranged from
1 to 100 eV.

3. RESULTS AND DISCUSSION

The spectra of H , H , and H4 shnwn in Fig. 2 and 3 were taken with the
optical parametric oscillator (OPO) and correspond to excitation of the mode
resembling an H-H stretch. No rotational structure has been resolved, although
the rotational spacing calculated from the CI geometry of ref. 1 for the aJ-*1
transitions is estimated to be 6 to 7 cm-1 . An initial hypothesis to explain
the broadness of the peaks, which in some cases exceeded 100 cm- , was a con-
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bination of the broad linewidth (-10 cm-1 ) of the OPO and the population of a
large number of rotational states. This possibility has been ruled out by the
experiments done with the F-center laser which also yielded broad spectra. Two
other explanations that would account for the broadness of the peaks are an
extremely short predissociative lifetime of the parent ion and the high internal
excitation of the ions causing spectral congestion. The first of these alter-
nat ves seems quite improbable because to obtain homogeneous broadening of 100
cm-i necessitates a predissociative lifetime on the order of 0.03 psec. The
second hypothesis will be tested using a corona discharge source where the ionic
clusters will be formed in the expansion process through a 70 Um nozzle. The
clusters formed will be much colder than the original source where neutral
clusters were ionized by electron bombardment to form the cluster ions.

The spectrum of H+ is qualitatively different from that of the larger cluster
ions. The long tail on the blue side may arise from combination bands involving
the low frequency motion of the center hydrogen atom as it oscillates between
two equivalent structures, e.g. H 'H2 <=> H2 "H . Because the center of charge
oscillates across the center of mass, the transition moment will be very large.
The larger cluster ions, in the analogous motion, would not be oscillating
between two equivalent structures.

Figure 2 also shows the spectra of H fragmenting to H5 and H3 scaled to
equal maximum peak heights. Both peaks are significantly narrower than that of
H5 and the peak on the blue side much smaller, especially for the H; fragment.
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Table 1. Infrared Absorption Frequencies in cm-1 for the Hydrogen Cluster Ions.

Experimentala Calculated Originb

H5  3532 --

3910 384 4c

H+ 3980 3992, 3995 d

H7
H+ 4020 4015 d

H9
H11+ 4028 --

H13+ 4037 --

H15+ 4040 --

a) This work. Peak of the observed band, to within 10 cm-1 .

b) Ab initio calculations from References 1 and 9. The frequencies reported are
harmonic frequenices obtained by analytic gradient SCF and CI calculations.
The frequenices in this column have been corrected for anharmonicity and
systematic deviations by subtracting the difference between the harmonic
frequency calculated for H2 and the experimental H2 (1*-0) origin.

c) DZ+P basis set, full CI, see Ref. 9.
d) DZ+P basis set, SCF, see Ref. 1.

The absorption spectra from H9 dissociating to H , H , and HJ is shown in
Fig. 3. A small depletion peak is evident in the H --+ H + H2 spectrum. Its
location corresponds to the H absorption peak. In comparing the peak position
of the H7 fragment spectra with those of H5 and H3, the slight apparent shiftmay actually be due to the H depletion. Note that once again the smaller
fragment ion (H ) has the broadest peak shape.

A comparison of the experimentally found peak positions with the theoretical
predictions is shown in Table 1. The calculated values, which include a emi-
empirical correction, coincide with the experimental maxima within 70 cm-r. As
the rotational structure is not resolved, it is uncertain whether the peak
maxima correspond to the vibrational band centers. Thus, the comparison with
theory needs to be interpreted with caution. The absorption peak locations as a
function of cluster size are plotted in Fig. 4. The laser used to find peak
positions was the F-center laser. Although the peak locations are subject to
some uncertainty due to the broadness of the peaks, an interesting trend is ev-
ident in inspecting this plot. Although the peak positions change substantially
in going from H4 to H to H;, the frequency change for the higher cluster ions
is marginal. The most likely explanation of this observation is that, even in
the higher cluster ions, the H-H stretch excited is in one of the three H2
moieties bound to an apex of the HJ. The remaining H2 groups, which are more
loosely coordinated to the H1 ring, may very well have frequencies closer
to that of free H2, but are very weakly infrared allowed.

The fragmentation distribution of the hydrogen cluster ions has also been
monitored. Results are shown in Fig. 5. One point to note is that dissociation
of many H units takes place when energetically allowed. For example, in the
case of Hhi, the dominant product ions is H which requires three H2 moieties
to detach.

In addition to the mode corresponding to a H-H stretching motion in one of
the H2 moieties, we have also seen an absorption band identified as oriqinating
from the HJ symmetric stretch. This spectra is shown in Fig. 6. Once again a
rather broad peak is evident; however, now a significant shoulder exists on the
red side rather than on the blue side as described earlier for the absorption
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spectra due to the excitation of the
H-H stretching mode. We were not
able to find the band arising from
the H5 symmetric stretching mode in
Hj. Ab initio theory (g) has pre-
dicted -hisintensity to be a factor
of sixteen lower in H1 as compared H+
to the H-H stretching mode in H . 13
In the case of H, the Hj symmetric
stretching mode is predicted to be
only a factor of four lower in inten-
sity than the H-H stretching mode. H
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FIGURE 5
Distribution of fragment ion mass
for each parent hydrogen cluster ion.
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